TH E EDITED BY DAVID 8. WEISHAMPEL PETER DODSON - HALSZKA DSMOLSKA 


DINOS Aaa) A 
== © es 


NOILIO3 GNODIS © 


THE DINOSAURIA 


This page intentionally left blank 


THE DINOSAURIA 


SECOND EDITION 


Edited by 


DAVID B. WEISHAMPEL 
PETER DODSON 


HALSZKA OSMOLSKA 


UNIVERSITY OF CALIFORNIA PRESS 
Berkeley Los Angeles London 


Supplemental scientific materials are available online at 
http://dinosauria.ucpress.edu. 


University of California Press 
Berkeley and Los Angeles, California 


University of California Press, Ltd. 
London, England 


© 2004 by the Regents of the University of California 


Library of Congress Cataloging-in-Publication Data 


The dinosauria / edited by David B. Weishampel, Peter Dodson, Halszka 
Osm6lska.—[2nd ed.]. 
; cm. 
Includes bibliographical references and index. 
ISBN 0-520-24209-2 (alk. paper) 
1. Dinosaurs. I. Weishampel, David B.,1952- II. Dodson, Peter. 
III. Osmolska, Halszka. 
QE861.4.D55 2004 
567.9—dc22 2004049804 


10 09 08 O07 06 O05 04 
10098 765 4321 


The paper used in this publication meets the minimum requirements of 
ANSI/NISO Z39.48-1992 (R 1997) (Permanence of Paper). 


To future dinosaur paleontologists, 


who will no doubt make all this look easy 


This page intentionally left blank 


ABBREVIATIONS USED IN FIGURES ix 


FOREWORD wii 
David B. Weishampel, Peter 
Dodson, and Halszka Osmolska 


INTRODUCTION 1 
David B. Weishampel, Peter 
Dodson, and Halszka Osmolska 


SECTION | 
Dinosaur Systematics 


1 Origin and Relationships 
of Dinosauria 7 
Michael J. Benton 


SAURISCHIA 21 
Thomas R. Holtz Jr. and 
Halszka Osmolska 


2 Basal Saurischia 25 
Max C. Langer 


3. Ceratosauria 47 
Ronald S. Tykoski and 
Timothy Rowe 


4 Basal Tetanurae 71 
Thomas R. Holtz Jr., Ralph E. 
Molnar, and Philip J. Currie 


5 Tyrannosauroidea 111 
Thomas R. Holtz Jr. 


6  Ornithomimosauria 137 
Peter J. Makovicky, Yoshitsugu 
Kobayashi, and Philip J. Currie 


7 ~ Therizinosauroidea 151 


James M. Clark, Teresa Maryanska, 


and Rinchen Barsbold 


10 


11 


12 


13 


CONTENTS 


Oviraptorosauria 165 
Halszka Osmolska, Philip J. Currie, 
and Rinchen Barsbold 


Troodontidae 184 
Peter J. Makovicky and 
Mark A. Norell 


Dromaeosauridae 196 
Mark A. Norell and 
Peter J. Makovicky 


Basal Avialae 210 
Kevin Padian 


Prosauropoda 232 
Peter M. Galton and 
Paul Upchurch 


Sauropoda 259 
Paul Upchurch, Paul M. Barrett, 
and Peter Dodson 


ORNITHISCHIA 323 


14 


15 


16 


17 


David B. Weishampel 


Basal Ornithischia 325 
David B. Norman, 
Lawrence M. Witmer, and 
David B. Weishampel 


Basal Thyreophora 335 
David B. Norman, 
Lawrence M. Witmer, and 
David B. Weishampel 


Stegosauria 343 
Peter M. Galton and 
Paul Upchurch 


Ankylosauria 363 
Matthew K. Vickaryous, 
Teresa Maryanska, and 
David B. Weishampel 


18 


20 


Basal Ornithopoda 393 

David B. Norman, Hans-Dieter 
Sues, Lawrence M. Witmer, and 
Rodolfo A. Coria 


Basal Iguanodontia 413 
David B. Norman 


Hadrosauridae 438 
John R. Horner, David B. 
Weishampel, and 
Catherine A. Forster 


21  Pachycephalosauria 464 
Teresa Maryanska, 
Ralph E. Chapman, and 
David B. Weishampel 
22 Basal Ceratopsia 478 
You Hailu and Peter Dodson 
23 Ceratopsidae 494 
Peter Dodson, Catherine A. Forster, 
and Scott D. Sampson 
SECTION II 
Dinosaur Distribution 
and Biology 
24 Dinosaur Distribution 517 


25 


26 


David B. Weishampel, Paul M. 
Barrett, Rodolfo A. Coria, 

Jean Le Loeuff, Xu Xing, Zhao 
Xijin, Ashok Sahni, Elizabeth M. P. 
Gomani, and Christopher R. Noto 


Dinosaur Taphonomy 607 
Anthony R. Fiorillo and 
David A. Eberth 


Dinosaur Paleoecology 614 
David E. Fastovsky and 
Joshua B. Smith 


CONTENTS vii 


27 


28 


viii 


Mesozoic Biogeography 
of Dinosauria 627 
Thomas R. Holtz Jr., 
Ralph E. Chapman, and 
Matthew C. Lamanna 


Physiology of 

Nonavian Dinosaurs 643 
Anusuya Chinsamy and 
Willem J. Hillenius 


CONTENTS 


29 Dinosaur Physiology 660 
Kevin Padian and John R. Horner 


30 Dinosaur Extinction 672 
J. David Archibald and 
David E. Fastovsky 


LITERATURE CITED 685 


CONTRIBUTORS 775 


GENERA AND SPECIES INDEX 777 


STRATIGRAPHIC AND GEOGRAPHIC 
INDEX 813 


SUBJECT INDEX 835 


Cranial 


ABBREVIATIONS USED IN FIGURES 


anterior ampulla 
accessory opening 
rostromedial process 
angular 

antorbital fenestra 
antorbital fossa 
paranasal aperture 
palatine aperture 
articular 

anterior semicircular canal 
vestibular eminence 
secondary ridge(s) 

fused bones of braincase 
basioccipital 
basipterygoid process 
basipterygoid recess 


basiphenoidal sinus; sinuslike opening in the 
basisphenoid and basioccipital 


basiphenoid 

basal tuber 
parabasisphenoid bulla 
bulla vestibularis 
tertiary ridge(s) 
cartilage 

carotid process 

nasal cavity proper 


cerebral hemispheres (general region of) 


Cer 


ep 
ept 
exo 


exoc-op 


carotid canal 

cerebral region 

choana 

crista interfenestralis 
cerebellum (region of) 
caudolateral process of premaxilla 
coronoid 

cultriform process 
prootic-basisphenoid crest 
crista prootica 

cranium 

cranioquadrate passage 
crista tuberalis 

dentary 

diastema 

ductus endolymphaticus 
ductus perilymphaticus 
shelf on dentary 

dorsal tympanic recess 
ethmoid 

external acoustic meatus 
ectopterygoid 

external mandibular fenestra 
external naris 

epoccipital 

epipterygoid 

exoccipital 


exoccipital-opisthotic 


ABBREVIATIONS USED IN FIGURES 


ix 


frontal 

ophthalmic artery foramen 
auditory foramen 

fissura metotica 

jugular foramen/canal 
floccular lobe 

foramen lacerum caudalis 
foramen lacerum rostralis 
foramen magnum 

foramen ovale 

footplate 

articular facet for predentary 
fossa subarcuata 

horizontal ampulla 
hypophyseal fossa 
horizontal semicircular canal 
hyoid 

interdental plate 
interfenestral bar 

internal nares 

premaxillary notch 
internasal septum 
integumentary structure 
interorbital bones 
infraorbital fossa 
interdental plate 
interpterygoid vacuity 
infratemporal fenestra 
jugal 

contact with jugal 

jugal foramen 

jugal ridge 

lacrimal 

contact with lacrimal 
lateral basisphenoidal recess 
lacrimal canal 

lateral depression 

lacrimal foramen 

lagena 

lagenar duct 

lacrimal “horn” 

lateral osteodermal mass overlying narial region 


laterosphenoid buttress 


x ABBREVIATIONS USED IN FIGURES 


pal os cd 


pal os ro 


laterosphenoid 

contact with maxilla 

mandible 

metotic fissure 

mandibular groove 

medulla oblongata 

medial osteodermal mass overlying narial region 


combined opening for metotic foramen and 
foramen into basioccipital sinus 


median ridge 
mesial shelf on the crown margin 
maxilla 


maxillary contact on rostromedial process of 
maxilla 


maxillary fenestra 

maxillary notch 

toothlike process of maxilla 

maxillary trough 

nasal 

contact with nasal 

narial fossa 

nasal ramus of maxilla 

neurovascular foramen 

nodes 

nasal passage 

nasal projection 

orbit 

occipital condyle 

occipital foramen 

olfactory lobe 

osteoderms overlying nasal bone 
osteoderms overlying premaxillary bone 
osteoderms overlying quadratojugal bone 
osteoderms overlying squamosal bone 
opisthotic 

optic lobes (region of) 

orbitosphenoid 

olfactory tract 

otosphenoidal crest 

otoccipital 

olfactory turbinate 

parietal 

caudoventral osseous secondary palate 


rostrodorsal osseous secondary palate 


palr 
pam 
pap 

pd 

peg 

pf 

pfc 

pit 

pitf 

pl 

plcei 
pld 
pmce 
pmf 
pmlf 
pmx 
pmxl 
pmx2 
pmxf 
pnt 

po 

poc 
pof 
pop 
ppt 
pat 
pra 

prf 
prmf 
pro 
pro alv 
pro cor qj 
pro cor sq 
pro man pt 
prs 

ps 


palatine ramus 

posterior ampulla 

palpebral 

predentary 

palatine peg 

posttemporal fenestra 

contact with prefrontal 
pituitary fossa 

pituitary foramen 

palatine 

perilymphic cistern 

perilymph duct 

contact with premaxilla 
premaxilla-maxilla fenestra 
premaxillary-lacrimal foramen 
premaxilla 

caudolateral process of premaxilla 
caudodorsal process of premaxilla 
premaxillary foramen 
pneumatic foramen 
postorbital 

paroccipital process 
postfrontal 

pneumatic opening 
postpalatine fenestra 
paraquadratic foramen 
prearticular 

prefrontal 

promaxillary fenestra 

prootic 


alveolar border 


projection at corner of quadratojugal 


projection at corner of squamosal 
mandibular process of pterygoid 
presphenoid 

parasphenoid 

posterior semicircular canal 
parasphenoid rostrum 

pterygoid 

pterygoid flange 

pterygoid ramus 

quadrate 


quadrate condyle 


sm 
snf 

so, sol, so2 
soc 

sor 

spl 

sq 

sqp 


sut 


quadrate foramen 
quadratojugal 

quadrate ramus 

rostral 

recessus crus communis 
replacement crown 
resorption facet 


Rathkes pouch 


right quadrate (appears to be reconstructed on 


the left side) 
respiratory turbinate 
cranial sinus 
maxillary sinus 
sacculus 

surangular 

saccule 

surangular foramen 
subtemporal fenestra 
sclerotic ring 
supradentary 

sella turcica 
surangular foramen 
skull elements 

skull and mandible 
subnarial foramen 
supraorbital, supraorbital 1, supraorbital 2 
supraoccipital 

subotic recess 

splenial 

squamosal 

pit on squamosal 
subrostral foramen 
sagittal suture 

stapes 

supratemporal fenestra 
superior utricle 

suture 

swollen area 
mandibular symphysis 
tabular 

groove for replacement tooth crown 
tooth 


tooth puncture mark 


ABBREVIATIONS USED IN FIGURES 


xi 


trnc transverse nuchal crest Axial Skeleton 


tub pd predentary tubercles aic axialintercenturn 
Vv palatal vault at atlas 
; vomuer atic atlantal intercentrum 
voc slot for vomer on rostromedial process of maxilla ana atlantalineuraltarch 
vs vomerine suture ae seis 
w tooth wear ' ew 
axic axial intercentrum 
hole penance postnouter darigee c3, c4, c5, etc. third, fourth, fifth cervical vertebra, etc. 
cal, ca2, etc. first, second caudal vertebra, etc. 
: cacpl caudal centroparapophyseal lamina 
Cranial Soft Anatomy 
cav caudal vertebra(e) 
Muscle terms designate the muscle or attachment site. mal caudal centrodiapophyseal lamina 
b A. (arteria) basilari 
a ametiaypasiaels cdch caudal conos 
1 A. palati 
arpa cas cedi centrodiapophyseal lamina 
bral regi 
ce cerebral region oe ee 
c.n.I-XII exits for cranial nerves ; 
chpl centrohyposphenal lamina 
cn.VIIp palatine branch of c.n. VII 
chr chevron rod 
fil integumentary filaments . . 
cr cervical rib 
ic internal carotid a. 
crch cranial chonos 
lhv lateral head vein ; . 
crepl cranial centroparapophyseal lamina 
maem M. (musculus) adductor mandibulae externus 
medialis cs caudosacral vertebra(e) 
maep M. adductor mandibulae externus profundus ey. cervical vertebra(e) 
maes M. adductor mandibulae externus superficialis dl, d2,d3,etc. first, second, third dorsal vertebra, etc. 
mamc M. adductor mandibulae caudalis di diapophysis 
mdm M. depressor mandibulae dr dorsal rib 
mlp M. levator pterygoidei ds dorsosacral vertebra(e) 
mpa median palatine artery ds1, ds2 dorsosacral vertebra 1, 2 
mpd M. pterygoideus dorsalis dv dorsal vertebra(e) 
mpp M. protractor pterygoidei ep epipophysis 
mps M. pseudotemporalis 8 gastralia 
mpv M. pterygoideus ventralis h hemapophysis 
oa orbital artery hy hypapophysis 
pa palatine artery hyp hyposphene-hypantrum 
rc ramus cranialis of internal carotid a. hypa hypantrum 
sl sinus longitudinalis hypo hyposphene 
ts transverse sinus ifhy infrahyposphenal lamina 
vec V. (vena) cerebralis caudalis ifpo infrapostzygapophyseal lamina 
ved V. capitis dorsalis ifpr infraprezygapophyseal lamina 
vem V. cerebralis medius inat intercentrum of atlas 
vems V. cerebralis medius secunda inax intercentrum of axis 
ver V. cerebralis rostralis iprl intraprezygapophyseal lamina 
vpar V. parietalis lasp laterospinal lamina 


xii ABBREVIATIONS USED IN FIGURES 


Idv 
lifpo 
mch 
naat 
nas 
odp 
pa 
padi 
pat 
pf 

pl 
poced 
podl 
por 
posacr 
posl 
poz 
ppdl 
pra 
prcep 
prdl 
prpa 
prr 
prsl 
prz 
psacr 
py 

pz 

rd 


rsl, rs2, etc. 
s 

sl, s2, etc. 
sa 

sp 

spdl 

spol 

sprl 

spt 

srtp1, srtp2 
st 

sudi 


supo 


last dorsal vertebra 
lateroinfrapostzygapophyseal lamina 
medial chonos 

neural arch of atlas 

neural arch sutural surface 

odontoid process 

parapophysis 

paradiapophyseal lamina 

proatlas 

pneumatic foramen 

pleurocoel 

postcentrodiapophyseal lamina 
postzygadiapophyseal lamina 
postzygapophyseal rod 

postsacral rod 

postspinal lamina 

postzygapophysis or postzygapophyseal facet 
paradiapophyseal lamina 

proatlas 

precentroparapophyseal lamina 
prezygadiapophyseal lamina 
ptezygaparapophyseal lamina 
prezygapophyseal rod 

prespinal lamina 

prezygapophysis or prezygapophyseal facet 
presacral rod 

pygostyle 

prezygapophysis or postzygapophysis 


elongated prezygapophyses and chevrons of 
middle and distal caudal vertebrae 


first, second sacral rib, etc. 

true sacral 

first, second sacral vertebra, etc. 
sacrum 

neural spine 

spinodiapophyseal lamina 
spinopostzygapophyseal lamina 
spinoprezygapophyseal lamina 
spine table 

first, second sacral rib-transverse process 
sternum 

supradiapophyseal lamina 


suprapostzygapophyseal lamina 


supr 


zy 


supraprezygapophyseal lamina 
sacral vertebra(e) 
sacral or sacrocostal yoke 


transverse process 


sutural surface for ventral surface of the transverse 


process of the neural arch 
vertebra 
zygosphene 


zygantrum 


Appendicular Skeleton 


a 


ac 


cne 


astragalus 

acetabulum 

cranial furrow of astragalus 
acromion 

dorsal basin of astragalus 

dorsal process of astragalus 

facet for the ascending process of the astragalus 
fibular articulation on astragalus 
lateroventral depression of astragalus 
antitrochanter 

ambiens process 

acromial ridge 

ascending process of astragalus 
brevis shelf 

biceps tubercle on coracoid 

brevis fossa 

calcaneum 

cartilage 

calcaneal tuber 

carpal block 

contact for clavicle 

caudodorsal process of ischium 
coracoid foramen 

fossa for M. caudofemoralis longus 
cranial (extensor) groove of femur 
clavicle 

carpometacarpus 

medioventral projection of calcaneum 
cnemial crest 

centrale 


coracoid 


ABBREVIATIONS USED IN FIGURES 


Xili 


cocp 
ct 

ctgr 

cup 

cvp 

dc 

dcl, 2, 3,4 
dp 

dt 


caudal process of coracoid 
coracoid tuber 

crista tibiofibularis groove 
cuppedicus fossa 

caudoventral process of ischium 
distal carpal(s) 

distal carpal 1, 2,3, 4 
deltopectoral crest 

distal tarsal(s) 

extensor process 

femur 

fourth trochanter of femur 
cranial intermuscular line of femur 
cranial trochanter of femur 
dorsolateral trochanter of femur 


muscle scar on laterocranial distal femur 


facies articularis antitrochanterica of femur 


fibular condyle of femur 

fibular facet on tibia 

fossa trocanterica of femur 

greater trochanter of femur 
femoral head 

ligament sulcus on femoral head 
medial tuberosity on femoral head 
fibular crest 

M. iliofemoralis insertion on femur 
fibular sulcus 

fibula 

ischial flange 

lateral condyle of femur 
trochanteric shelf of femur 

medial condyle of femur 

foramen n. supracoracoideus 
trochanteric shelf of femur 

furcula 

flexor tubercle 

glenoid cavity 

longitudinal groove on proximal ischium 
humerus 

horny claw 

humeral head 


medial tuberosity of humerus 


xiv ABBREVIATIONS USED IN FIGURES 


radial condyle of humerus 
intermedium 

distal knob of ischium 

ilium 

cranial process of ilium 
medial process of ilium 

iliac peduncle 

mediodorsal ridge of ischium 
ischium 

buttress for M. sartorius on ilium 
ischial peduncle 

sacral rib articulation on ilium 
knob on metatarsal II (M. tibialis anticus?) 
lateral condyle 

lateral epicondyle 

manus 

metacarpal 

M. (musculus) caudofemoralis scar 
metacarpal tubercle 

medial condyle 

medial epicondyle 
metatarsal 

obturator foramen 

obturator process 

obturator ridge 

olecranon process 

pubis 

distal bevel of pubis 

pes 

pubic fenestra 

phalanx, phalanges 

pisiform 

mediodorsal lamina of pubis 
postacetabular process 
preacetabular process 
prepubic process 

pubic foot 

pubic peduncle 

radius 

radiale 

biceps tubercle of radius 


supracetabular crest 


sc scapula 


sgb supraglenoid buttress 

sgf subglenoid fossa of coracoid 

ste sternal 

t tibia 

tdp tibial descending process 

tfc fibular condyle of tibia 

tic internal condyle of tibia 

tmt tarsometatarsus 

tt tibiotarsus 

tu tubercles on pubis 

ul ungual of digit I of pes 

ull enlarged, slashing ungual of digit II of pes 
ul ulna 

ule ulnare 

I,U,...,V first, second, ..., fifth digit of manus or pes 
1-4 first to fourth phalanges 


Postcranial Soft Anatomy 


fil 


integumentary filaments 
ischial musculature 
intestine 

liver? 

large muscular fibers 

M. caudofemoralis brevis 
M. caudofemoralis longus 
pectoral musculature 


trachea 


General Abbreviations 


The following abbreviations should be preceded by the abbre- 
viation for the bone of which the process or sheet is a part. 


..cdp 


..cp 
dp 


caudal descending process 
caudal process; cranial process 


dorsal process 


horizontal sheet 
lateral sheet 
medial sheet 


ventral process 


Geologic Time 


AA 
AL 
AP 
BA 
BE 
BR 
CA 
CE 
CL 
CM 
CO 
HA 
HE 


Aalenian 
Albian 

Aptian 
Bajocian 
Berriasian 
Barremian 
Carnian 
Cenomanian 
Callovian 
Campanian 
Coniacian 
Hauterivian 
Hettangian 
Jurassic 
Kimmeridgian 
Ladinian 
Maastrichtian 
Norian 
Oxfordian 
Permian 
Pliensbachian 
Rhaetian 
Santonian 
Sinemurian 
Tithonian 
Toarcian 
Turonian 


Valanginian 


ABBREVIATIONS USED IN FIGURES 


XV 


This page intentionally left blank 


FOREWORD 


A new edition of The Dinosauria should be more than just an 
update of the first edition, especially given the unprecedented 
developments in dinosaurian research over the past decade. To 
reflect this growth, we have fully reorganized the book to reflect 
the monumental increase in dinosaurian diversity that comes 
from new discoveries in the field (and museums) and the taxo- 
nomic revisions of this material but more especially the pro- 
found impact that phylogenetic analysis has made on Dinosauria 
asa whole. This latter research has substantially influenced how 
we interpret not only the contents and features of taxa but also 
their biogeography, paleoecology, functional morphology, and 
evolutionary dynamics. Our challenge as editors and authors, 
especially of the taxonomic chapters, has been to place these 
“terribly great lizards” in their phylogenetic context. Asa result, 
all taxonomic chapters are provided, in some cases for the first 
time, with numerical cladistic analyses, with character descrip- 
tions and character-taxon matrices available on the World 
Wide Web. Although we are aware that these analyses will very 
likely be superseded by more detailed or robust investigations— 
indeed, this is inevitable in any vibrant systematic research—we 
consider this aspect of our revision to be the most fundamental 
change in this new edition of The Dinosauria. 

The issue of birds as dinosaurs was hinted at in the first edi- 
tion of The Dinosauria. Yet so much has happened over the past 
few decades—a veritable explosion of diversity among Meso- 
zoic birds from Spain, Argentina, Uzbekistan, China, and 
Mongolia, as well as the discovery of feathered dromaeosaurids, 
oviraptorosaurs, and maybe other theropod taxa—that it is 
now Clear that dinosaurs begat birds. Consequently, we have 
included a chapter on this evolutionary nexus in this new revi- 
sion (chapter 11). 

Thanks to e-mail and the Internet, efforts to organize this 
edition, communicate with authors anywhere in the world, ob- 
tain manuscripts, and deliver them to the publisher were light- 
years beyond our prior effort. For this edition we did not have to 
send communications and chapters through diplomatic pouch 
or to rely on colleagues to hand carry them “between the West 
and the East.” Thanks to support from the University of Cali- 
fornia Press, we met twice in Philadelphia, where we enjoyed 
the hospitality of Dawn Dodson. At our first meeting, in Novem- 
ber 2001, we evaluated the manuscripts and their outside re- 
views and made recommendations to authors. At the second 


meeting, in October 2002, we met to evaluate and integrate the 
final chapter drafts. The final revision of The Dinosauria was 
submitted to the University of California Press in May 2003. 

An edited volume such as this is nothing without the au- 
thors’ willingness, insight, knowledge, and patience. Of these 
we had plenty, so it is a pleasure to thank all of our authors for 
participating in the creation of this book. 

We also want to extend special thanks to the following for 
acting as chapter reviewers: Paul Barrett, Kay Behrensmeyer, 
Don Brinkman, Matt Carrano, Luis Chiappe, Brenda Chinnery, 
Kristi Curry Rogers, Bill Gallagher, Peter Galton, Jacques Gau- 
thier, Mark Goodwin, Jerry Harris, Jason Head, Tom Holtz, Matt 
Lamanna, Jean Le Loeuff, Teresa Maryanska, Ralph Molnar, Paul 
Penkalski, Xabier Pereda-Suberbiola, Robin Reid, Armand de 
Ricqlés, Dale Russell, Michael Ryan, Hans Sues, Francois Ther- 
rien, Dave Varricchio, Jeff Wilson, Larry Witmer, and Darla 
Zelenitsky. 

The editors and authors happily acknowledge the help of 
the following people in preparing their chapters: Ronan Allain, 
Andrea Arcucci, Alexander Averianov, Yoichi Azuma, Paul Bar- 
rett, Rinchen Barsbold, Mike Benton, Bill Blows, José Bonaparte, 
Niels Bonde, Brent Breithaupt, Don Brinkman, Angela Bus- 
calioni, José Calvo, José Ignacio Canudo, Ken Carpenter, Matt 
Carrano, Judd Case, Dan Chaney, Sankar Chatterjee, Luis Chi- 
appe, Karen Chin, Brenda Chinnery, Dan Chure, Jim Clark, Ju- 
lia Clarke, Julio Company, Clive Coy, Gloria Cuenca Besc6s, Phil 
Currie, Kristi Curry Rogers, Fabio Dalla Vecchia, Kyle Davies, 
Tom Deméré, Dong Zhiming, Jeff Eaton, Dave Eberth, Naoko 
Egi, Pat Embree, Bob Farrar, Dave Fastovsky, Tracy Ford, Cathy 
Forster, Roland Gangloff, Pascal Godefroit, Mark Goodwin, 
Merrilee Guenther, Joel Hammond, Jerry Harris, Hiroshi 
Hayakawa, Andy Heckert, Dick Hilton, Tom Holtz, Jack Horner, 
Jorn Hurum, John Hutchinson, José Iriarte, Tom Jerzykiewicz, 
Patricia Kane-Vanni, James Kitching, Jim Knight, Dave Krause, 
Martin Kundrat, Sergei Kurzanov, Antoni Lacasa-Ruiz, Matt 
Lamanna, James Lamb, Wann Langston, Guy Leahy, Tom 
Lehman, Tom Lipka, Martin Lockley, Raminder Loyal, Spencer 
Lucas, Jim Madsen, Makoto Manabe, Ruben Martinez, Niall 
Mateer, Octavio Mateus, Des Maxwell, Bob McCord, Jack Mc- 
Intosh, Mason Meers, Christian Meyer, Juan Pablo Milana, An- 
gela Milner, Ralph Molnar, Joachin Moratalla, Darren Naish, 
Dave Norman, Fernando Novas, George Olshevsky, Francisco 
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Ortega, Jim Parham, Tonya Penkrot, Altangerel Perle, Albert 
Prieto-Marquez, Oliver Rauhut, Tom Rich, Ruben Rodriguez de 
la Rosa, Tim Rowe, Bruce Rubidge, David Rubilar, Dale Russell, 
Michael Ryan, Sven Sachs, Rudyard Sadleir, Steve Salisbury, José 
Sanz, Anne Schulp, Paul Sereno, Mike Simms, Josh Smith, Tonya 
Sosa, Ray Stanford, Tom Stidham, John Storer, Hans Sues, Bob 
Sullivan, Daisuke Suzuki, Masahiro Tanimoto, Darren Tanke, 
Philippe Taquet, Francois Therrien, Tony Thulborn, Tim Tokaryk, 
Khishigjav Tsogtbaatar, Allison Tumarkin-Deratzian, Paul Up- 
church, Frank Varriale, Matt Vickaryous, Pat Vickers-Rich, 
Mahito Watabe, Amy Weishampel, Jim Westgate, Rupert Wild, 
Mike Williams, Jeff Wilson, Raymund Windolf, Larry Witmer, 
Xu Xing, You Hailu, Shawn Zack, and Darla Zelenitsky. 

Special thanks go to Jerry Harris, the Wunderkind of dino- 
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We have now entered the third millennium of the Common 
Era. The third century of dinosaur research will commence 
soon, and the study of dinosaurs is in a state of unprecedented 
activity everywhere. In earlier times, specimens were collected 
in remote terrains around the globe and delivered to major aca- 
demic centers in North America and Europe for study. Today, 
vigorous research programs across the globe are broadening 
not only our understanding of dinosaur diversity but also 
the range of the intellectual perspectives brought to dinosaur 
studies. In Europe, long-standing dinosaur research in England, 
Wales, Scotland, France, Germany, Portugal, Spain, Belgium, 
Austria, and Romania is now complemented by programs in 
Switzerland, Italy, Hungary, Croatia, Slovenia, Poland, and 
European Russia. Early in the history of dinosaur research 
Africa suffered from the effects of European colonialism, but 
for the past decade important domestic and international re- 
search programs have been hosted in Zimbabwe, South Africa, 
Lesotho, Ethiopia, Namibia, Morocco, Algeria, Tunisia, Niger, 
Malawi, Mali, Cameroon, Egypt, Tanzania, Kenya, Sudan, and 
Madagascar. China, Mongolia, and India remain the most ex- 
citing dinosaur terrains in Asia, but Siberian Russia, Japan, 
Thailand, Laos, and South Korea are now demanding notice. 
Both Australia and New Zealand continue to yield remarkable 
dinosaurs. Likewise, the Middle East and southern Asia have 
potential for significant dinosaur material, as witnessed by 
discoveries in Georgia, Yemen, Syria, Jordan, Oman, Israel, 
Afghanistan, Pakistan, and most especially Uzbekistan, Turk- 
menistan, Kazakhstan, and Kirghizia. The riches of Canada and 
the United States continue to increase, but Mexico and Hon- 
duras are no longer dinosaurian terra incognita in North Amer- 
ica. In South America, Argentina has been synonymous with 
dinosaur discovery, but Brazil is beginning to make its presence 
felt, as are Venezuela, Chile, Peru, Uruguay, and Bolivia. Even 
inhospitable Antarctica has begun to surrender its dinosaurs. 
Truly, today’s dinosaur paleontology is a grand international 
enterprise. 

The Dinosauria was originally conceived in 1984 and pub- 
lished in 1990. At that time there was a dearth of reference texts 
in the field of dinosaur paleontology. Our intention was to 
provide the first comprehensive, critical, and authoritative re- 
view of the taxonomy, phylogeny, biogeography, paleobiology, 
and stratigraphic distribution of all dinosaurs and to explore 


topics ranging from dinosaur origins and interrelationships to 
dinosaur energetics, behavior, and extinction. 

More than a decade has elapsed since the first edition of 
The Dinosauria was released, and it is fair to say that dinosaur 
studies have virtually exploded since then. In 1990 fewer than 
300 genera had been recognized as valid since the advent of di- 
nosaurs in the early 1800s; since then, more than 200 new gen- 
era have been described, corresponding to a nearly 70% increase 
over the past 14 years! The accelerating pace of dinosaur studies 
since 1990 is also due to the nascent impact of cladistics, which 
has called into question some of the most fundamental sys- 
tematic tenets of our science. The major themes of dinosaur 
systematics were set in the late nineteenth century with the 
recognition of a diphyletic Dinosauria whose members were in- 
dependently derived from what was then called Thecodontia. 
Thecodonts are now well refuted as a monophyletic taxon, 
and the composition and relationships of dinosaurs have now 
been profoundly redefined: Dinosauria is monophyletic and 
comprises Saurischia and Ornithischia. Cladistics has also es- 
tablished several formerly enigmatic relationships among dino- 
saur clades. These include first and foremost the phylogenetic 
nexus of birds within Theropoda but also the theropod rela- 
tionships of therizinosauroids, the monophyly of prosauropods, 
and the internal relationships of Sauropoda. This veritable ava- 
lanche of new dinosaur discoveries alone makes a total revision 
of The Dinosauria necessary to reflect the current state of knowl- 
edge in dinosaur paleontology. 

Chapter topics and authorship have changed since the first 
edition, reflecting the dynamic fields of dinosaur systematics, 
extinction, physiology, taphonomy, and paleoecology, as well 
as our efforts to keep each chapter vibrant and current. Most of 
the previous authors returned for this new edition, and others, 
many working on new chapters, were invited to participate. Our 
contributors collectively have a depth and breadth of hands-on 
experience with various groups of dinosaurs that cannot be 
matched by any single person. The slate of authors has expanded 
from 23 to 43. This time, American authors constitute a scant 
majority; nearly half of our authors come from Canada, South 
America, Europe, Africa, and Asia, consistent with the inter- 
national nature of our field. 

The organization of this book is similar to that of the first 
edition. The first chapter addresses the definition and diagnosis 
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of Dinosauria, the origin of the clade, and the interrelationships 
of the major dinosaurian groups. As in the first edition, the 
subsequent taxonomic chapters give comprehensive accounts 
of the groups under consideration in a consistent format. The 
authors consider all dinosaur species-level taxa and critically 
review the status of all proposed species. For higher taxa, diag- 
nostic features, anatomy, phylogenetic relationships, and paleo- 
biological issues are emphasized. Each taxonomic chapter in- 
cludes a table summarizing species-level taxonomy, geographic 
and stratigraphic occurrences, age, and the nature of the mate- 
rial on which the species is based. 

Furthermore, the taxonomic chapters (chapters 2-23) are 
now provided with numerical cladistic analyses, complete 
with character descriptions and character-taxon matrices. 
These descriptions and data are available on the Web at 
http://dinosauria.ucpress.edu. These chapters thus pro- 
vide not only a review but also an original comprehensive syn- 
thesis of a given higher taxon by an appropriate specialist. 
Character data for chapter 1 and locality data for chapter 27 are 
also found at this Web site. 

Fortunately, new discoveries and analyses since the first edi- 
tion of The Dinosauria have made it possible to tie up some of 
its loose ends. Two chapters on problematic theropods (“coeluro- 
saurs” and “carnosaurs”) are no longer necessary, and “Saurischia 
Sedis Mutabilis” (i.e., “segnosaurs”) have now found a stable 
home within Theropoda, as noted earlier. Previously separate 
chapters on carnosaur paleobiology and sauropod paleoecology 
have now been folded back into their parent chapters, where 
they belonged in the first place. 

The second section of this new edition of The Dinosauria is 
devoted to issues of general concern about dinosaurs as a whole. 
What is the stratigraphic and geographic distribution of di- 
nosaurs? What can be said about dinosaur taphonomy, paleo- 
ecology, biogeography, and physiology? And what do we know 
about their pattern of extinction? On these and other topics 
the scope of The Dinosauria has been expanded. For example, 
whereas in 1990 we merely paid lip service to the proposition 
that birds are dinosaurs, in this edition we embrace fully as a 
logical sequela of phylogenetic systematics that birds (Avialae) 
are part of Theropoda. The explosion of relevant fossils, including 
birdlike dromaeosaurids and troodontids, as well as dinosaur- 
like birds, from the Lower Cretaceous fossil beds of Liaoning 
Province, in northeastern China, is impossible to ignore. The task 
of comprehending these fossils has been made easier by a recent 
symposium volume in honor of John Ostrom, New Perspectives 
on the Origin and Evolution of Birds (Gauthier and Gall 2001) and 
by Mesozoic Birds: Above the Heads of Dinosaurs (Chiappe and 
Witmer 2002). Although the taxonomic chapters in the present 
volume discuss the taphonomy and paleoecology of the taxa 
covered in those chapters, new chapters specifically devoted to 
these subjects have been added. Similarly, a new chapter on bio- 
geography explores both faunistic and phylogenetic aspects of 
dinosaur geographic and stratigraphic distribution. 

Dinosaur physiology, especially as articulated by Ostrom in 
1968 and by Bakker in the 1970s, has fueled a significant pro- 
portion of the dinosaur research in the decades that followed. 
The subject of dinosaur thermal physiology—whether dinosaurs 
were cold-blooded ectotherms or hot-blooded endotherms— 
still sparks vigorous debate. In order to frame the discussion, two 
different interpretations of the topic are provided by Chinsamy 
and Hillenius (chapter 28) and Padian and Horner (chapter 29). 
We believe that the interests of our readers are well served by 
the presentation of a range of opinions on this most interest- 
ing topic. 
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FIGURE I.1. Geologic time scale used throughout the text. 
(After GSA 1999.) 


One of the most highly debated topics in dinosaur pale- 
ontology is that of their extinction. In our current understanding, 
ornithischians and sauropods, as well as many contemporaneous 
marine and terrestrial organisms, became extinct at the end of 
the Cretaceous, 65 million years ago. This was certainly not the 
case for all theropods, however, as this group is recognized today 
by approximately 9,000 avian species. Archibald and Fastovsky 
(chapter 30) discuss the plethora of causes and processes that 
have been invoked to explain the terminal Cretaceous extinction 
and early Tertiary survivorship patterns observed in deposits all 
over the world. Their joint contribution explores Late Cretaceous 
volcanism, marine regression, climate, and the bolide impact 
65 Maas possible causes for the near demise of Dinosauria. 

As in the first edition, two important conventions are main- 
tained in this new edition of The Dinosauria. Ages of dinosaur 
occurrences are related to European marine stages and corre- 
sponding ages (fig. I.1) as far as possible, although few of the 
dinosaurs are in marine beds, and correlation with the European 
sequence may be uncertain on other continents. Often, age 
assignments are little more than reasonable estimates about the 
contemporaneity with the classic European stages. 


Ina work such as this it is important to strive for an internally 
consistent anatomical nomenclature that may set the standard 
for future work. In human anatomy, such a standard has been set 
by the Nomina Anatomica (NA 1983). This document has had a 
great influence on anatomical nomenclature in general and on 
mammalian nomenclature in particular even though humans 
are a peculiarly modified bipedal species and human anatomists 
have compounded problems of comparison of species by adopt- 
ing as standard posture the figure with forearms supinated. The 
Nomina Anatomica Veterinaria (NAV 1994) and the Nomina Ana- 
tomica Avium (NAA 1993) represent an attempt to standardize a 
rational anatomical nomenclature for all tetrapods. Although 
the nomenclature of the NAV applies specifically to domesticated 
animals, and that of the NAA to living birds, the general prin- 
ciples articulated by both directly address the problems caused by 
indiscriminately imposing human terms on other vertebrates. 

We adopt the following aspects of the NAV and the NAA: The 
terms ventral (toward the belly), dorsal (toward the back), cranial 
(toward the head), and caudal (toward the tail) replace the hu- 
man terms anterior, posterior, superior, and inferior, which are 
ambiguous when applied to nonhuman vertebrates. The term 
cranial has no meaning with respect to the head itself; the ap- 


propriate term is rostral (toward the tip, or rostrum, of the head). 
The terms medial (toward the midline) and Jateral (away from 
the midline) are familiar and common to the NA, the NAV, and 
the NAA. Since the tail can be considered an appendage, the 
terms proximal (toward the mass of the body) and distal (away 
from the mass of the body) are used to designate regions of the 
tail (e.g., proximal, middle, and distal caudal vertebrae). In 
addition, proximal and distal are used to designate segments of 
a limb or of elements of a limb (e.g., the proximal shaft of the 
femur, the distal end of the radius). For the manus and pes, pal- 
mar and plantar, respectively, are used to designate the surface in 
contact with the ground, and dorsal is used for the opposite sur- 
face. An alternative set of terms can be used to designate surfaces 
on the limb or the manus or pes: extensor or flexor. Finally, the 
dental nomenclature specified by Edmund (1969; see also Smith 
and Dodson 2003) is used with regard to the orientation of teeth 
within the jaws. The edge of a tooth toward the symphysis or 
premaxillary midline is the mesial edge, while the edge away 
from the symphysis along the tooth row is the distal. The surface 
of a tooth toward the lip or cheek (i.e., away from the oral cavity) 
is labial or buccal, respectively, while the surface toward the 
tongue is lingual. 
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ONE 


Origin and Relationships of Dinosauria 


MICHAEL J. BENTON 


Dinosauria is a well-diagnosed clade, and since birds are in- 
cluded within it the group is clearly significant among ter- 
restrial vertebrates. Dinosaurs belong within Archosauria, a 
broader clade that also includes crocodilians as well as ptero- 
saurs and various basal groups of Triassic age. Over the past 
thirty years considerable effort has been devoted to disentan- 
gling the phylogeny of archosaurs: some relationships have 
been firmly established, while others have yet to be discovered. 
This chapter considers the origin of the dinosaurs in terms of 
phylogeny and the timing of events. The primary evidence 
comes from a cladistic analysis of the Triassic archosaurs, a para- 
phyletic group formerly known as thecodontians. That analysis 
is followed by an account of the evolutionary events that led 
to the radiation of the most astonishing animals of all time, 
the dinosaurs themselves. 


Previous Cladistic Analyses of Dinosauria 


Paleontologists have been interested in the phylogeny of the 
dinosaurs since their discovery in the 1820s. However, confusion 
reigned over many aspects of dinosaurian phylogeny until the 
1980s, when cladistics began to be applied. The use of cladistic 
methods led to the solution of many phylogenetic conundrums, 
but others have continued to defy resolution. 

Cladistics as applied to dinosaurs and their close relatives be- 
gan in the early 1980s with a number of basic studies in which 
cladograms were compiled by hand from incomplete lists of 
sometimes poorly delimited characters. In the late 1980s and 
1990s data matrices were analyzed by computer algorithms, and 
evidence was often given of the goodness of fit of particular 
parts of the tree to the data. 

Further developments in cladistic practice have occurred 
since the publication of the first edition of The Dinosauria in 
1990. Some workers have advocated the use of formalized sys- 
tems for naming and diagnosing taxa. Both before 1990 and 
since, names have been applied to nodes in cladograms accord- 
ing to the whim of the systematists. Some workers name every 
node in a cladogram, while others prefer to name only those 
nodes that are robust (i.e., supported by a great deal of charac- 


ter evidence). In addition, there are differences in the choice of 
names for clades: some systematists prefer to retain well-known 
group names that most closely match the traditional under- 
standing of contents and/or diagnostic characters, while others 
advocate the migration of widely used names to clades sub- 
tended by extant groups, the crown-clade concept. 

There have also been important developments in the defi- 
nition and diagnoses of taxa. Until 1990 most cladists equated 
taxa with their characters (e.g., Aves is diagnosed as those or- 
ganisms that possess primary flight feathers and wings). Since 
then, a clear distinction has been proposed between the defini- 
tions and diagnoses of clades (de Queiroz and Gauthier 1992, 
1994). Clades are diagnosed by characters that evolve at or 
immediately prior to their origin but do not make individual 
clades “what they are.” Instead, individual clades are named on 
the basis of their membership. Named taxa are then fixed on the 
basis of their ancestry. 

There are three kinds of definitions of taxon names: 
apomorphy-based, stem-based, and node-based. An apomorphy- 
based definition is founded on one or more derived characters 
(e.g., “Aves consists of all archosaurs with feathered wings used 
for powered flight”). Apomorphy-based taxa combine defini- 
tion and diagnosis. Stem- and node-based definitions include 
ancestors as the basal member of the clade (fig. 1.1). A stem- 
based taxon name refers to a clade that includes all the de- 
scendants from a particular cladogenetic event. An example of 
stem-based definition for Ornithischia is “all dinosaurs more 
closely related to Triceratops than to Tyrannosaurus.” Anode-based 
taxon name is one that is defined by a basal node. For example, 
a node-based definition for Aves takes the form “Archaeopteryx, 
Neornithes, their most recent common ancestor, and all de- 
scendants.” Because we do not know all of the stem taxa in stem- 
based taxa, their diagnoses are not possible. Node-based taxa 
can be diagnosed on the basis of the derived features that have 
evolved in or immediately prior to the ancestor of the clade (this 
practice has been applied to stem-based clades as well). A crown 
clade is a node-based clade defined solely on the basis of extant 
forms. For example, the crown group Mammalia is defined as 
the common ancestor of Ornithorhynchus (platypus) and Homo 
(humans) and all the descendants of this common ancestor. 
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Node Stem Apomorphy 


A B Cc 


FIGURE 1.1. The three kinds of clade definitions: A, node-based; 
B, stem-based; C, apomorphy-based. 


Archosauria 


The crown-group issue affects the discussion of basal archosaurs 
and the origin of dinosaurs since certain names have different 
meanings for different people. Cope (1869a) introduced the 
name Archosauria for a wide group of extinct and extant rep- 
tiles, including anomodonts and rhynchosauts, and no one has 
proposed a strict return to his view. However, for most of the 
twentieth century the name was used to refer to a group that 
includes modern crocodilians, as well as dinosaurs, pterosaurs, 
and a variety of Triassic forms, back to the Early Triassic protero- 
suchids and erythrosuchids, the earliest representative being 
Archosaurus, from the Late Permian (Tatarian) of Russia (e.g., 
Romer 1945, 1956, 1966; Hughes 1963; Charig and Reig 1970; 
Cruickshank 1972; Bonaparte 1982; Carroll 1988; Juul 1994; 
Gower and Wilkinson 1996; Benton 1997). Archosauria in this 
sense turns out to include those diapsids that possess an antor- 
bital fenestra—an apomorphy-based taxon. 

Gauthier (1986), urging use of the crown-clade concept, de- 
fined Archosauria as the clade subtended by living archosaurs 
(birds and crocodilians), in other words, excluding protero- 
suchids, erythrosuchids, proterochampsids, and euparkeriids. 
He argued that this realignment of the name had the advantage 
that all archosaurs, including fossil forms, would then have pre- 
dictable soft-part characters (based on extrapolation from living 
forms). The apomorphy-based Archosauria was then renamed 
Archosauriformes (Gauthier 1986). Archosauria could also be 
defined as a stem-based taxon by extending membership down 
the stem to the next known node, but this approach has not yet 
been proposed. 

Archosauria is treated as an apomorphy-based clade here, 
with note made to node- or stem-based definitions where rele- 
vant. Phylogenetic studies of dinosaurs in their archosaur con- 
text have led to the following generally accepted conclusions: 


1. Archosauria is monophyletic. This view has been held 
generally for a long time, although the clade has been 
regarded as hard to diagnose anatomically (e.g., Romer 
1956, 1966) and hence possibly polyphyletic. 


2. Archosauria includes a number of basal Triassic forms 
that are sister groups to Avesuchia sensu Benton (1999), 
also known as crown group Archosauria sensu Gauthier 
(1986). The clade consists of two lines, one leading to 
crocodilians, the other to birds. This split was hinted at 
by Bonaparte (1975a), Krebs (1976), Cruickshank (1979), 
and Chatterjee (1982), and it has been confirmed in all 
subsequent cladistic analyses. 


3. The crocodile line, Crurotarsi (Sereno 1991a), consists 
of Phytosauridae, Ornithosuchidae, Prestosuchidae, 
Rauisuchidae, Poposauridae, and Crocodylomorpha, but 
the relationships among those groups are contentious 
(Gauthier 1986; Benton and Clark 1988; Sereno 1991a; 
Parrish 1993; Juul 1994; Benton 1999). 
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4. The bird line, Avemetatarsalia (Benton 1999), consists 
of Scleromochlus, Pterosauria, and Dinosauromorpha. 
The South American forms, Lagerpeton and Marasuchus, 
are close outgroups of Dinosauria (Gauthier 1986; 
Benton and Clark 1988; Sereno 1991a; Sereno and 
Arcucci 1993, 1994; Juul 1994; Novas 1996a; Benton 
1999). Avemetatarsalia is similar but not equivalent to 
Ornithosuchia sensu Gauthier (1986) because the former 
does not include Ornithosuchidae, a clade thought to be 
included in Crurotarsi (Benton 1999). 


5. Dinosauria is monophyletic. Up to 1985, dinosaurs were 
usually seen as polyphyletic, with as many as three to 
six ancestors (e.g., Romer 1966; Charig and Reig 1970; 
Charig 1976a; Krebs 1976; Cruickshank 1979; Thulborn 
1980; Chatterjee 1982). Bakker and Galton (1974) and 
Bonaparte (1976) argued for dinosaurian monophyly 
before such views became generally accepted (e.g., 
Gauthier 1986; Benton and Clark 1988; Sereno 1991b, 
1997; Sereno and Arcucci 1993, 1994; Juul 1994; Novas 
1996a; Benton 1999). 


6. Dinosauria includes two clades, Saurischia and 
Ornithischia. This view has been generally held since 
Seeley’s (1887a) invention of the two names, although 
he based Saurischia on what would now be seen as 
a plesiomorphy, namely, the “reptilian” pelvic 
arrangement. Apomorphies for both clades were 
given by Gauthier (1986). 


7. Saurischia comprises several basal taxa, as well as 
Theropoda and Sauropodomorpha. These two clades 
were formerly regarded as having arisen from two or 
more independent sources among the basal archosaurs 
(e.g., Charig et al. 1965; Charig 1976b; Cruickshank 
1979; Chatterjee 1982), a pattern for which there is no 
evidence (Gauthier 1986). 


8. Ornithischia comprises several basal forms, as well as 
Thyreophora and Cerapoda (Sereno 1986, 1997, 1998; 
Weishampel and Witmer 1990a). Thyreophora includes 
the armored Stegosauria and Ankylosauria, as well as 
several basal taxa. Cerapoda splits into Marginocephalia 
(Pachycephalosauria and Ceratopsia) and Ornithopoda 
(Heterodontosauridae and Euornithopoda). 


Archosauria and Its Evolutionary Context 


Among living vertebrates, birds and crocodilians are linked as 
sister groups within the Avesuchia/crown group Archosauria 
(fig. 1.2). Although seemingly different kinds of animals, these 
two groups share numerous derived characters of the skull, post- 
cranial skeleton, and soft parts that are absent in other living 
vertebrates (Gauthier 1986; Benton and Clark 1988). Early mo- 
lecular studies of the phylogeny of tetrapods were equivocal re- 
garding the nature of Archosauria, and many analyses of protein 
sequences supported a close pairing of Aves and Mammalia (e.g., 
Bishop and Friday 1988; Hedges et al. 1990; reviewed in Benton 
1990b). More recently, the validity of Archosauria has been 
accepted based on sequencing of nucleic acids (e.g., Janke and 
Arnason 1997; Hedges and Poling 1999), although this has been 
challenged by the suggestion that turtles belong to Archosauria. 

Archosauria is included in the larger clade Diapsida (living 
crocodilians, birds, Sphenodon, lizards, snakes, and their extinct 
relatives), one of the major clades of tetrapods. The crown group 
Tetrapoda, four-limbed vertebrates, includes Amphibia and var- 


+. TETRAPODA 


FIGURE 1.2. Phylogeny of tetrapods showing the position of Archo- 
sauria. Synapomorphies at major nodes are listed. 


1. TETRAPODA: single pair of nasals meeting in midline; compact 
oticoccipital region to skull; cheek with broad jugal-quadratojugal 
contact; absence of coronoid fangs; absence of operculars, 
median gular, and submandibulars; presence of pre- and post- 
zygapophyses; well-developed ventrally directed ribs; large orna- 
mented interclavicle; carpus, tarsus, and up to eight digits; iliac 
blade of pelvis extended dorsally and attached to vertebral col- 
umn by sacral ribs; ischia contribute to puboischial symphysis; 
femur with adductor crest. 

2. AMNIOTA: frontal enters orbital margin; narrow convex occipital 
condyle; absence of coronoid denticles; three scapulocoracoid 
ossifications (primitively); astragalus present. 

3. EUREPTILIA: tabular absent; middle coronoid absent; cleithrum 
absent. 

4. DIAPSIDA: supra- and intratemporal fenestrae; suborbital fenestra; 
paroccipital process reaches suspensorium; sternum mineralized. 

5. NEODIAPSIDA: lacrimal does not contact nasal or naris; post- 
parietal absent; contact between ectopterygoid and maxilla; 
gastralia present; medial epicondylar foramen on humerus 
absent; fifth distal tarsal absent. 

6. ARCHOSAUROMORPHA: caudodorsal process on premaxilla; 
sagittal crest on parietal; slender tapering cervical ribs at a low 
angle to the vertebrae; notch on cranial margin of clavicle; dorsal 
margin of ilium composed of a small cranial process and a large 
caudal process; medial centrale of carpus absent. 

7. UNNAMED CLADE: foramen for entrance of internal carotid 
arteries on ventral surface of parasphenoid; astragalocalcaneum 
articulation concavoconvex; lateral tuber on calcaneum; centrale 
of tarsus contacts tibia. 

8. UNNAMED CLADE: ectopterygoid expanded caudally; upturned 
retroarticular process; second sacral rib bifurcate and with caudal 
process truncated sharply; cranial apron of pubis. 

9. UNNAMED CLADE: Elongate snout (more than 50% of skull 
length); nasal longer than frontal; posttemporal fenestra small; 
teeth recurved; teeth laterally compressed; pterygoids remain 
separate; distal ends of cervical neural spines expanded as a spine 
table. 


(After Benton 1985; Laurin 1991; Ahlberg and Milner 1994; and Dilkes 
1997.) 


ious basal groups, as well as Amniota (Reptilia + Aves + Mam- 
malia). Amniota comprises Anapsida, Diapsida, and Synapsida, 
diagnosed by the nature of their temporal openings, among 
other characters (Laurin and Reisz 1995; Benton 1997). The sta- 
bility of this division of Amniota has been challenged by some 
morphological and molecular results that suggest that Anap- 
sida should be subsumed within Diapsida: Rieppel and de Braga 
found that turtles may have been close relatives of lepidosaurs 
(Sphenodon, lizards and snakes) based on morphological charac- 
ters (Rieppel and de Braga 1996; de Braga and Rieppel 1997), al- 
though their results have been queried (Wilkinson et al. 1997), 
while complete mitochondrial DNA sequencing suggests that 


turtles are the sister group to Archosauria (Zardoya and Meyer 
1998; Hedges and Poling 1999; Kumazawa and Nishida 1999). 
These dramatic proposals have not yet been fully tested (reviewed 
in Rieppel 2000). 

Archosauria was established by Cope (1869a) for a broad 
grouping of amniotes: Crocodylia, Thecodontia, Dinosauria, 
Anomodontia (i.e., dicynodonts + dinocephalians), and Rhyn- 
chocephalia (i.e., sphenodontids + rhynchosaurs). Cope (1869b) 
then restricted Archosauria to include Dinosauria, Phytosauria, 
Crocodylia, and Rhynchocephalia, excluding anomodonts. In 
the 1890s Cope and Baur independently developed the “theory 
of fenestration,” according to which the major lines of amniote 
evolution could be identified by the numbers of temporal fen- 
estrae, whether none (Anapsida), one (Synapsida), or two (Di- 
apsida), the last two group names introduced by Osborn (1903) 
to reflect the new phylogenetic ideas. 

Osborn (1903) rejected Cope’s Archosauria, instead referring 
archosaur groups to a number of separate sections within Diap- 
sida. This view was followed by many workers until the 1930s, 
with Broom, von Huene, Haughton, and others referring Trias- 
sic archosaurs to Pseudosuchia, Parasuchia, and Protorosauria. 
Romer (1933) resurrected Archosauria for Thecodontia, Croco- 
dylia, Pterosauria, Saurischia, and Ornithischia but included 
proterosuchids in Eosuchia within Lepidosauria. Proterosuchids 
and erythrosuchids were replaced in Archosauria in later works 
(Romer 1945, 1956, 1966), and this has been the generally ac- 
cepted viewpoint since (e.g., Hughes 1963; Charig and Reig 1970; 
Cruickshank 1972; Bonaparte 1982; Carroll 1988; Juul 1994; 
Gower and Wilkinson 1996; Benton 1997). 

Archosauria sensu Benton 1999 is nested within larger 
clades, the most significant of which are Archosauromorpha 
and Diapsida. Diapsida comprises some basal taxa, principally 
Araeoscelidia (Petrolacosaurus, Araeoscelis, and relatives) from the 
Late Carboniferous and Early Permian, and two major clades, 
Lepidosauromorpha and Archosauromorpha, which diverged 
presumably early in the Permian (Benton 1983a, 1984b, 1985; 
Evans 1984, 1988; Gauthier 1986; Benton and Clark 1988; Lau- 
rin 1991; Laurin and Reisz 1995; Dilkes 1997). 

Archosauromorpha has been given node- and stem-based 
definitions. According to the former, Archosauromorpha is de- 
fined as the most recent common ancestor of Neornithes (extant 
birds), Squamata (extant lizards and snakes), and all of the de- 
scendants of this common ancestor. Accordingly, the clade 
comprises Trilophosaurus, Rhynchosauria, Prolacertiformes, 
and Archosauria, as well as probably thalattosaurs, choris- 
toderans, and drepanosaurids (Benton 1985; Benton and Clark 
1988; Laurin 1991; de Braga and Rieppel 1997; Dilkes 1997). 
Trilophosaurus is an unusual Late Triassic herbivore with no in- 
fratemporal openings. Rhynchosaurs are a distinctive clade of 
Triassic herbivores that had multiple tooth rows and beaklike 
premaxillary projections. Prolacertiforms are long-necked in- 
sectivores and carnivores known from the mid-Permian to the 
Late Triassic that may comprise an unnatural grouping of di- 
verse archosauromorph taxa (Dilkes 1997). Most cladistic 
analyses agree that among these archosauromorphs Prolacerta, 
a prolacertiform, is the sister group of Archosauria and that 
Rhynchosauria is a more distant outgroup. Other probable ar- 
chosauromorphs include thalattosaurs, marine Triassic forms, 
choristoderans, superficially crocodilian-like aquatic animals 
known from the Triassic to the mid-Tertiary, and drepanosaurids, 
Late Triassic swimmers. 

Astem-based definition for Archosauromorpha (the most re- 
cent common ancestor of Prolacerta, Trilophosaurus, Hyperodape- 
don, and archosaurs and all its descendants) was provided by 
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Laurin (1991:90). However, this definition excludes Protoro- 
saurus, Drepanosauridae, and Tanystropheidae, according to 
Dilkes’s (1997) cladogram. Dilkes (1997:528) gave a revised stem- 
based definition for Archosauromorpha, namely, Protorosaurus 
and all other saurians that are related more closely to Protoro- 
saurus than to Lepidosauria, but this definition is rejected here 
since it would refer to a much more restricted grouping accord- 
ing to other cladograms of basal diapsids: it is debated whether 
“Protorosauria,” Rhynchosauria, or Trilophosaurus is the basal 
archosauromorph taxon (e.g., Benton 1985; Chatterjee 1986a; 
Evans 1988; Laurin 1991). The present definition can cope with 
all the competing cladograms and still refers to the same clade 
contents (Trilophosaurus + Rhynchosauria + “Protorosauria” + 
Prolacertiformes + Archosauria). 

Laurin (1991:83) also gave a node-based definition of Diap- 
sida: the most recent common ancestor of araeoscelidians, lepi- 
dosaurs, and archosaurs and all its descendants. However, in 
this definition it is unclear whether Petrolacosaurus or Araeo- 
scelidia (i.e., Petrolacosaurus, Araeoscelis, and other taxa) is the 
basal taxon (e.g., Benton 1985; Evans 1988; Laurin and Reisz 
1995). An apomorphy-based definition is preferred here since 
that indicates Osborn’s (1903) intention that diapsids are those 
amniotes with two temporal openings, the view accepted ever 
since. Therefore, Diapsida refers to the clade stemming from the 
first amniote with a supratemporal fenestra homologous with 
that of Aves (Vultur gryphus Linnaeus, 1758). 


Relationships of Triassic Archosauria 


Triassic archosaurs, excluding crocodylomorphs, pterosaurs, 
and dinosaurs, used to be termed thecodontians (e.g., Romer 1966; 
Charig 1976a; Bonaparte 1982; Chatterjee 1982). The term the- 
codontian, literally “socket-tooth,” is inappropriate descriptively 
because virtually all archosaurs with teeth are thecodontian, 
as are mammals, whose teeth likewise reside in separate sockets 
within the bony jaws. More importantly, thecodontians have no 
cohesion or common characters, and the term has generally 
been abandoned because it is paraphyletic (Gauthier 1986). 

Precladistic phylogenies of basal archosaurs offered a great 
range of hypotheses. Most authors (e.g., Romer 1956; Krebs 
1976) favored a tripartite arrangement: Proterosuchia for basal 
forms (Proterosuchidae + Erythrosuchidae, but also at times 
Rauisuchidae, Prestosuchidae, and Proterochampsidae), Para- 
suchia (= Phytosauridae), and Pseudosuchia (= Stagonolepididae, 
“Rauisuchia,” Ornithosuchidae, some basal crocodylomorphs). 
Others separated Stagonolepididae as Aetosauria (e.g., Romer 
1966; Bonaparte 1975a; Charig 1976a; Thulborn 1980), some of 
the early crocodylomorphs as Sphenosuchia (Bonaparte 1982), 
ornithosuchids as Ornithosuchia (Huene 1907-8; Chatterjee 
1982), and rauisuchids and poposaurids as Rauisuchia (Chatter- 
jee 1982). 

Several precladistic analyses laid great emphasis on the 
structure of the ankle of basal archosaurs (e.g., Bonaparte 1975a, 
1982; Cruickshank 1979; Chatterjee 1982; Cruickshank and 
Benton 1985; fig. 1.3). These authors distinguished a so-called 
primitive mesotarsal (PM) arrangement, in which there was a 
simple hinge between the astragalus-calcaneum unit and the 
rest of the foot (seen in proterosuchids and, in a modified ver- 
sion, in erythrosuchids and proterochampsids). The other basal 
archosaurs have a crocodiloid ankle in which the bending plane 
runs between the calcaneum and fibula, then zigzags down be- 
tween the astragalus and calcaneum and extends across between 
the astragalus and foot. This pattern could occur in a crocodile- 
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FIGURE 1.3. Ankle evolution in Triassic archosaurs. For each ankle 
pattern, a cranial view of the astragalus (left) and calcaneum (right) is 
shown. An additional proximal view is shown for the PM and NIPM 
types (upper drawing). For each ankle type, a diagram of the lower leg, 
ankle, and foot is shown (astragalus shaded black) with the main hinge 
line (x-x). The ankles illustrated here are the PM (primitive mesotarsal) 
of Proterosuchus, the MPM (modified primitive mesotarsal) of Chanare- 
suchus, the CN (crocodile-normal of Neoaetosauroides), the CR (crocodile- 
reversed) of Riojasuchus, and the AM (advanced mesotarsal) of a pro- 
sauropod dinosaur. (After Benton 1997.) 


normal (CN) fashion, as in crocodylomorphs, rauisuchians, 
aetosaurs, and phytosaurs, or in a crocodile-reversed (CR) fash- 
ion, as in ornithosuchids. Pterosaurs and dinosaurs show the 
advanced mesotarsal (AM) ankle, in which the astragalus is 
united firmly with the tibia, the calcaneum is reduced and ad- 
heres firmly to the astragalus, and the ankle bends between 
those two proximal tarsals and the rest of the foot. 

Sereno (1991a) showed that too much attention had been 
paid to the gross characters of the ankle, and restudy of the ankle 
characters and others showed that ornithosuchids formed part 
of the crocodile line, a group he termed Crurotarsi, comprising 
all archosaurs with a crocodiloid tarsus. Euparkeria is a basal 
form. Relationships of clades within Crurotarsi are uncertain, 
with a wide range of specific patterns having been proposed 
(Gauthier 1986; Benton and Clark 1988; Sereno 1991a; Parrish 
1993; Juul 1994; Bennett 1996). A reanalysis and assessment of 
the robustness of nodes (Benton 1999) suggested only a weak 
indication that Ornithosuchidae might be basal to the other 
crurotarsans. On the other hand, relationships of taxa within 
the bird line have shown clearer resolution (Benton 1985, 1990a; 
Gauthier 1986; Benton and Clark 1988; Sereno 1991a, 1997; Juul 
1994; Novas 1996a; Sereno and Arcucci 1993, 1994), with Ptero- 
sauria and Dinosauromorpha as sister groups and Lagerpeton 
and Marasuchus as successive outgroups to a monophyletic Dino- 
sauria within Dinosauromorpha. The controversy concerned 
Scleromochlus, which might be the sister group of Pterosauria 
(Gauthier 1986; Sereno 1991a; Juul 1994; Novas 1996a) or an 
outgroup to Ornithodira, the basal member of Avemetatarsalia 
(Benton 1999). 

Bennett (1996) offered an alternative view, extracting Ptero- 
sauria from Ornithosuchia sensu Gauthier (1986) and placing 
it as a basal archosaur clade, perhaps branching off between 
Proterosuchidae and Erythrosuchidae. He also found Ornitho- 
suchidae to be the basal group on the bird line, resurrecting the 


view of Gauthier (1986), Benton and Clark (1988), and others. 
Bennett (1996) achieved this different view by recoding or ex- 
cluding 11 characters of the hindlimb that he argued were con- 
vergences between pterosaurs and dinosauromorphs. These re- 
codings are considered in the “Cladistic Analysis of Archosauria” 
section below. 

It is important to review the robustness of previous efforts 
to establish the relationships of basal archosaurs and the posi- 
tion of Dinosauria among them. Seven independent cladograms 
of archosaurs are assessed: Gauthier (1986), Benton and Clark 
(1988), Sereno and Arcucci (1990), Sereno (1991a), Juul (1994), 
Bennett (1996), and Benton (1999). Benton and Clark (1988) 
did not publish their data matrix, but it exists in unpublished 
form and is resurrected here. The coding of the published data 
matrices used here has been neither checked nor changed; they 
are all available at http://palaeo.gly.bris.ac.uk/cladestore. The 
data matrices were analyzed using the branch-and-bound 
method of PAUP*4.0b3a (Swofford 1999), with all options set 
to default. The robustness of nodes was assessed using boot- 
strapping (heuristic 1,000 replicates), and the resulting trees 
are presented in figure 1.4. Nodes with less than 50% bootstrap 
support are collapsed. Nodes with greater than 50% bootstrap sup- 
port are retained, and the bootstrap values are indicated. Basic 
tree statistics are given in figure 1.4. Gauthier’s (1986) cladogram 
is shown simply as he gave it; it has not been recalculated be- 
cause he did not offer a data matrix. 

Replotting has modified some of the trees. In Benton and 
Clark (1988:fig. 8.1) Gracilisuchus is the outgroup to suchians 
(Crocodylomorpha + “rauisuchians” + Stagonolepididae). Here 
it forms an unresolved tritomy with suchians and Ornithosuchia 
sensu Gauthier (1986) as a result of assessment of the robustness 
of nodes. Reanalysis of the data of Sereno and Arcucci (1990) and 
Sereno (1991a) yielded no change in the results. Differences in 
the recalculated tree from Juul’s (1994) data include the pairing 
of Youngina and Rhynchosauria in the outgroup, the collapse of 
Crocodylomorpha into a tritomy with Postosuchus and Gracil- 
isuchus, and the collapse of Prestosuchidae and Stagonolepidi- 
dae into a multitomy with Parasuchia and Suchia (Prestosuchidae 
and Stagonolepididae formed a distinct clade in Juul’s results). 
The reanalysis of Bennett’s (1996) data matrix similarly resulted 
in the collapse of some nodes because of low bootstrap values. 
Euparkeria joins a tetratomy with Parasuchia + Suchia, Ornitho- 
suchidae, and Ornithodira: Bennett found that Ornithosuchidae 
was an outgroup to Ornithodira, contrary to Sereno’s (1991a) 
finding that it fell within the crocodile line. Further, in the re- 
analysis Scleromochlus is the outgroup to Dinosauromorpha, 
although Bennett (1996:fig. 2) showed this genus as the sister 
group of Pterosauria. Benton’s (1999) results are the same. 

Despite the variations in the data sets used by the different 
authors, the cladograms all confirm that Archosauria com- 
prises Proterosuchidae, Erythrosuchidae, Euparkeria, and Protero- 
champsidae, in that order, as outgroups to Avesuchia/crown 
group Archosauria. The position of Ornithosuchidae is contro- 
versial, as are the arrangement of “rauisuchians” and its rela- 
tionship to Crocodylomorpha. Scleromochlus also has a variable 
position in Avemetatarsalia, whether as sister group to Ptero- 
sauria, sister group to Dinosauromorpha, or basal to Avemeta- 
tarsalia overall. 


Cladistic Analysis of Archosauria 


Of the 100 or more named species of Triassic archosaurs, certain 
terminal taxa have been selected for the new cladistic analysis 


reported here. Some of these terminal taxa are individual genera 
(in most cases individual species), while others are suprageneric 
groups. Species are used where there is dispute about their as- 
signment to larger clades. Suprageneric taxa are employed where 
there is little dispute about taxon membership (e.g., Phyto- 
sauridae, Stagonolepididae, Pterosauria, Sauropodomorpha). A 
total of 22 ingroup taxa were analyzed. 

Outgroup taxa for the cladistic analysis are the rhynchosaur 
Hyperodapedon gordoni (Benton 1983a) and the prolacertiform 
Prolacerta broomi (Gow 1975b; Evans 1986). These two taxa are 
generally accepted as archosauromorphs (Benton 1985; Evans 
1988; Laurin 1991; Dilkes 1997) but not as archosaurs, and their 
anatomy is well known. 

Ingroup terminal taxa include a diverse array of forms. Pro- 
terosuchus fergusi (Cruickshank 1972; fig. 1.5A), Erythrosuchus 
africanus (Gower 2003; fig. 1.5B), and Euparkeria capensis (Ewer 
1965; fig. 1.5C) loosely represent their respective clades (i.e., 
Proterosuchidae, Erythrosuchidae, and Euparkeridae) since the 
bounds of these clades cannot be defined on the basis of a robust 
cladogram. In addition, Proterochampsidae (Sill 1967; Romer 
1971a, 1972a; fig. 1.5D), Phytosauridae (Chatterjee 1978a; Hunger- 
bihler 1998a, 2002; fig. 1.6A), Ornithosuchidae (Walker 1964; 
Bonaparte 1975b; Sereno 1991a; fig. 1.6B), and Stagonolepididae 
(Walker 1961; fig. 1.6C) are distinctive in terms of membership, 
although the precise validity and relationships of included 
species have yet to be fully established and the basal most mem- 
bers of each clade are unclear. Proterochampsidae includes those 
taxa that stem from the last common ancestor of Proterochampsa 
barrionuevoi and Chanaresuchus bonapartei and sharing a more 
recent common ancestor with those species than with Erythro- 
suchus africanus, Euparkeria capensis, Crocodylia, or Neornithes. 
Phytosauridae includes those taxa stemming from the last com- 
mon ancestor of Mystriosuchus planirostris and Paleo rhinus bran- 
soni and sharing a more recent common ancestor with those 
species than with Ornithosuchus longidens, Stagonolepis robertsoni, 
or Crocodylia. Ornithosuchidae includes those taxa stemming 
from the last common ancestor of Ornithosuchus longidens and 
Riojasuchus tenuiceps and sharing a more recent common an- 
cestor with those species than with Mystriosuchus planirostris, 
Stagonolepis robertsoni, or Crocodylia. As indicated earlier, Or- 
nithosuchidae is no longer the basal taxon in Ornithosuchia 
sensu Gauthier (1986). Stagonolepididae includes those taxa 
stemming from the last common ancestor of Stagonolepis robert- 
soni and Aetosaurus ferratus and sharing a more recent common 
ancestor with those species than with Mystriosuchus planirostris, 
Ornithosuchus longidens, or Crocodylia. 

“Rauisuchia,” variously classified as Rauisuchidae, Presto- 
suchidae, Poposauridae, and Chatterjeeidae, cannot be treated 
at a suprageneric level since not all of the divisions among 
the various subgroups are clear (Gower 2000). Instead, six 
“rauisuchian” taxa from different positions in cladograms (Ben- 
ton and Clark 1988; Sereno 1991a; Parrish 1993; Juul 1994) were 
chosen for these analyses. They include Ticinosuchus ferox (Krebs 
1965), Prestosuchus chiniquensis (Huene 1942; Barberena 1978), 
Saurosuchus galilei (Sill 1974; Alcober 2000; fig. 1.6D), Fasolasuchus 
tenax (Bonaparte 1981), Gracilisuchus stipanicorum (Romer 1972b; 
Brinkman 1981), and Postosuchus kirkpatricki (Chatterjee 1985; 
Long and Murry 1995). 

Crocodylomorpha comprises all archosaurs closer to Eu- 
suchia than to Ornithosuchus longidens or Postosuchus kirk- 
patricki. These latter two species have been selected for outgroup 
comparison since the cladistic relationships of the nearest out- 
groups to Crocodylomorpha are unresolved. A stem-based defi- 
nition is preferred since a number of basal forms (e.g., Trialestes, 


ORIGIN AND RELATIONSHIPS OF DINOSAURIA 11 


Gauthier (1986) ete esnewieee Benton & Clark (1988) _, Outgroup _ 
Erythrosuchidae Proterosuchidae 
Erythrosuchidae 


Proterochampsi : 
aieiachampsldpe Proterochampsidae 


Doswellia 
Euparkeria 
Phytosauridae 


Crocodylomorpha 
Rauisuchia 
Aetosauria 


Gracilisuchus 
Parasuchia Stagonolepididae 
Euparkeria Ticinosuchus 
: : Saurosuchus 
eg Postosuchus 
ORNITHOSUCHIA cumin oe 
ORNITHODIRA Pleipeahila Crocodylia 
Dinosauria Ornithosuchidae 
Lagosuchus 


100% Dinosauria 
Sereno & Arcucci (1990) 


Ancestor 
E _ Juul (1994) Prolacerta 
uparkerla Youngina 
Proterochampsidae Rhynchosauria 
Ornithosuchidae Proterosuchus 
; Erythrosuchidae 
Parasuchia Euparkeria 
84 a Suchia Proterochampsidae 
a ; Parasuchia 
Pterosauria . . Gracilisuchus 
100 Lagosuchus + Dinosauria Postosuchus 
Crocodylomorpha 
F Stagonolepidae 
Euparkeria Prestosuchidae 
Proterochampsidae Ornithosuchidae 
Suchia Pterosauria 
Ornithosuchus Lagosuchus 
Riojasuchus ee acta 
Parasuchia Herrerasaurus 
Pterosauria Neotheropoda 
Scleromochlus 
Dinosauromorpha 
Bennett (1996) Lepidosauromorpha Benton (1999) Euparkeria 
Rhynchosauria Proterochampsidae 
Prolacertiformes Phytosauridae 
; Ornithosuchidae 
Proterosuchidae ee 
. Stagonolepididae 
Erythrosuchidae Prestosuchidae 
Proterochampsidae Postosuchus 
Euparkeria Crocodylomorpha 
Parasuchia CRUROTARSI 88 Scleromochlus 
Suchia Een Pterosauria 
Ornithosuchidae Pagerpaton 
P i AVEMETATARSALIA 97 Mara etcnte 
terosauna ORNITHODIRA 59 Ornithischia 
ronvheniania PN DINOSAURIFORMES 336 Sauropodomorpha 
egosue us Se oe Herrerasaurus 
Dinosauria 60 \ Neotheropoda 


FIGURE 1.4. Previous cladograms of Triassic archosaurs. All cladograms except that of Gauthier (1986) are recalculated 
from the original data matrices with PAUP*4.0b3a (Swofford 1999) using the branch-and-bound method (all options 

set to default). The robustness of nodes was assessed using bootstrapping (heuristic 1,000 replicates): nodes achieving 
bootstrap values of less than 50% are collapsed; nodes supported in more than 50% of bootstrap replicates are retained, 
and the percentage occurrence is indicated. Note: The 50% bootstrap value has no particular significance; it is merely a con- 
vention returned by the default settings on PAUP. Nodes with bootstrap values less than 80% should probably be regarded 
as not robust. 


FIGURE 1.5. Skulls of basal archosaurs: A, Proterosuchus; B, Erythro- 
suchus; C, Euparkeria; D, Chanaresuchus. The skulls are drawn to uniform 
length. Scale = 20 mm. (From Benton and Clark 1988.) 


Pseudhesperosuchus, Saltoposuchus) are close to the origin of the 
clade, and new finds and studies might alter our understanding 
of the cladogram. 

In the bird line, a number of genera and suprageneric taxa 
are treated as terminal taxa. Among them are Scleromochlus 
(fig. 1.7A; Benton 1999) and Pterosauria (Wellnhofer 1978; Wild 
1978a). Sereno (1991a) gave a node-based definition of Ptero- 
sauria in which he listed nine genera and Pterodactyloidea, as 
well as all descendants of their common ancestor. However, 
such a node-based definition cannot accommodate wing-bearing 
forms more basal than Eudimorphodon, Peteinosaurus, and Preon- 
dactylus, pterosaurs known from the Late Triassic. Hence, an 
apomorphy-based definition takes into account the fact that 
pterosaurs have always been recognized on the basis of many 
clear apomorphies, and such a definition will maintain the con- 
cept that is accepted by all. Thus, Pterosauria includes those taxa 
stemming from the first archosaur with a long fourth finger 
(manual digit IV) supporting a wing membrane. Several dino- 
sauromorph species follow: Lagerpeton chanarensis (Sereno and 
Arcucci 1994) and Marasuchus talampayensis (Sereno and Arcucci 
1994; fig. 1.7B). The latter is the sister group to Dinosauria. 

The cladistic analysis conducted here takes the same form as 
that presented previously. The 95-character data matrix was 
analyzed with PAUP*4.0b3a (Swofford 1999) using the branch- 
and-bound method, with the characters unweighted and un- 
ordered. The resulting 18 most parsimonius trees are 172 steps 
long and have a consistency index of 0.587, a retention index of 
0.819, and a rescaled consistency index of 0.481. The 18 trees were 
combined to produce a strict consensus tree, a 50% majority- 
rule consensus tree, and an Adams consensus tree (fig. 1.8A), 
which was assessed by bootstrapping (1,000 replicates) for the 
robustness of nodes. Much of the crurotarsan clade collapsed 
at this point (fig. 1.8B) because most nodes were supported 
only in fewer than 50% of bootstrap replicates. All other nodes 
survived in 50% or more of bootstrap replicates, but only an 
unnamed node (Erythrosuchus plus more derived archosaurs) 
(100%), Archosauria (99%), Dinosauromorpha (99%), Dino- 
sauria (98%), Avemetatarsalia (98%), Crurotarsi (93%), Saurischia 
(88%), Avesuchia/crown group Archosauria (84%), and Dino- 
sauriformes (84%) achieved values greater than 80%. The other 
clades, an unnamed node comprising Proterochampsidae plus 
more derived archosaurs (75%), Prestosuchidae (74%), an un- 
named node comprising Euparkeria plus more derived archosaurs 


FIGURE 1.6. Skulls of Triassic archosaurs: A, Parasuchus; B, Ornitho- 
suchus; C, Stagonolepis; D, Saurosuchus. The skulls are drawn to uniform 
length. Scale = 20 mm. (From Benton and Clark 1988.) 


(62%), Ornithodira (60%), and an unnamed node comprising 
“Rauisuchia” (53%) were not so well supported. Nodal supports 
(i.e., diagnoses) are provided in the appendix. 


Monophyly of Archosauria 


Eight diagnostic characters for Archosauria were noted by Ben- 
ton (1990a), derived from Benton (1985), Gauthier (1986), and 
Benton and Clark (1988). Five of these are now rejected; one, 
bilaterally compressed marginal teeth, is seen also in Prolacerta 
and probably applies to a larger group, and the other four are 
hard to code (Sereno 1991a; Juul 1994). Benton’s (1990a) char- 
acter 6 (loss of trunk intercentra) applies to a subclade of Ar- 
chosauria because Proterosuchus and erythrosuchids retain inter- 
centra in the trunk region (Gower 2003). Benton’s (1990a) 
character 8 (fourth trochanter on the femur) also refers to a 
more restricted group since Proterosuchus lacks this feature, as 
do erythrosuchids (Juul 1994; Gower 2003), contrary to Parrish’s 
(1992) claim. Benton’s (1990a) character 7 (lateral epicondylar 
foramen absent on humerus) is also uncertain; Juul (1994:3-4) 
notes a lateral epicondylar groove in a proterosuchid and in 
Stagonolepis. Three additional characters (4-6), from Juul (1994) 
and Gower and Sennikov (1996), are added. 

The following are the hard-part synapomorphies of Archo- 
sauria sensu Benton 1999: 


1. An antorbital fenestra 


2. The postfrontal reduced to less than half the dimensions 
of the postorbital or absent 


3. An ossified laterosphenoid 


4. The prootic midline contact on the endocranial cavity 
floor 


5. Teeth with serrated margins 


6. A lateral mandibular fenestra 


Proterosuchus is the basal archosaur (fig. 1.8), as indicated by 
nearly every previous author in the field. Erythrosuchus, Eu- 
parkeria, and Proterochampsidae are confirmed as outgroups 
of Avesuchia/crown group Archosauria, the conclusion of all 
previous authors except Gauthier (1986), who included Eu- 
parkeria in Ornithosuchia. Nearly all previous authors placed 
Erythrosuchus as more basal than Euparkeria and Proterochamp- 
sidae, but there has been uncertainty about the order of the 
last two. Benton and Clark (1988) and Bennett (1996) found 
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FIGURE 1.7. Basal avemetatarsalians: A, Scleromochlus; B, Marasuchus. Scale = 20 mm. (From Benton 1999; and Sereno and Arcucci 1994.) 


Proterochampsidae to be the more basal outgroup, while Sereno 
(1991a) and Juul (1994) found Euparkeria to be more basal, the 
conclusion reached here. Characters pertaining to each of the 
successively more inclusive clades between Archosauria and 
Avesuchia are listed in the appendix. 

Avesuchia/crown group Archosauria is the taxon comprising 
Avemetatarsalia and Crurotarsi (and sister taxa of Crurotarsi 
that are closer to Crocodylia than to Aves) and all their descen- 
dants. It is a strong clade, supported in 84% of bootstrap repli- 
cates (fig. 1.8B). The clade has six postulated synapomorphies: 
teeth on the palatine and vomer absent; manual digit IV having 
four or fewer phalanges; the ventral astragalocalcaneal articular 
facet larger than the dorsal articulation; the calcaneal tuber ori- 
ented more than 45° caudolaterally; the articular surfaces for 
the fibula and distal tarsal 4 on the calcaneum continuous; and 
the articular facet for metatarsal V on distal tarsal 4 less than half 
of the lateral surface of distal tarsal 4 (Sereno 1991a; Juul 1994). 
Avesuchia was given a node-based definition by Benton (1999: 
1440) that is modified by the parenthetical insertion because 
both included taxa should be stem-based. 

Crurotarsi is supported even more convincingly, surviving 
in 93% of bootstrap replicates. The clade has seven postulated 
synapomorphies: a scapulocoracoid notch at the cranial junc- 
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tion of the scapula and coracoid; the pubic acetabular margin re- 
cessed; the astragalar tibial facet flexed; the calcaneal tuber shaft 
broader than tall; the calcaneal tuber distal end rounded; the 
calcaneal tuber distal end having a vertical median depression; 
and a hemicylindrical calcaneal condyle for articulation with 
fibula. Crurotarsi was given a node-based definition by Sereno 
(1991a:27) that is retained with many reference taxa in view of 
the uncertainties about relationships within Crurotarsi. 
Crurotarsi includes Phytosauridae, Ornithosuchidae, Presto- 
suchus, Suchia, and all descendants of their common ancestor. 
Relationships within Crurotarsi, however, are not well estab- 
lished. The Adams consensus tree (fig. 1.8A) shows a pairing 
of Phytosauridae + Gracilisuchus, which forms an unresolved 
tritomy with Ornithosuchidae and Suchia. Within Suchia, 
Postosuchus is paired with Crocodylomorpha, a relationship 
discovered by Benton and Clark (1988), and these two form an 
unresolved tritomy with Stagonolepididae and “Rauisuchia.” 
“Rauisuchia” includes Fasolasuchus as the outgroup to Presto- 
suchidae (Ticinosuchus, Prestosuchus, Saurosuchus). After boot- 
strap assessment of robustness, most of this structure within 
Suchia is lost, the only survivors being “Rauisuchia,” at a low 
bootstrap value of 53%, and Prestosuchidae, at 74% (fig. 1.8B). 
This phylogeny confirms that Ornithosuchidae are crurotarsans, 


Hyperodapedon Hyperodapedon 
Prolacerta Prolacerta 
Proterosuchus Proterosuchus 
Erythrosuchus Erythrosuchus 
Euparkeria Euparkeria 
Proterochampsidae Proterochampsidae 
Phytosauridae Phytosauridae 
Gracilisuchus Gracilisuchus 
Ornithosuchidae Ornithosuchidae 
Stagonolepididae Stagonolepididae 
Postosuchus Postosuchus 
Crocodylomorpha Crocodylomorpha 
SUCHIA Fasolasuchus - Fasolasuchus 
ARCHOSAURIA Ticinosuchus 90 Ticinosuchus 
CROP OtEeso Prestosuchus oe 93 Prestosuchus 
AVESUCHIA SUCHIDAE S Saurosuchus 84 Saurosuchus 
Scleromochlus Scleromochlus 
Pterosauria Pterosauria 
Lagerpeton Lagerpeton 
AVEMETATARSALIA Merasucnts 98 oes 
ORNITHODIRA Ornithischia 60 Ornithischia 
OIA INOSAURIFORMES Sauropodomorpha “ Sauropodomorpha 
ON SEKIAN, Herrerasaurus 98 NE Herrerasaurus 
A THEROPODA \ Neotheropoda B Neotheropoda 


FIGURE 1.8. Cladogram of Triassic archosaurs, based on 24 taxa and 95 characters. Tree length = 172, CI = 0.5872, RI = 0.8193, RCI: 0.4811. A, Adams 
consensus of the 18 most parsimonious trees, showing major clades. B, Bootstrapping (heuristic 1,000 replicates) determined weak nodes (less than 
50% of replicates; collapsed) and stronger nodes (greater than 50% of replicates; marked with bootstrap percentage). Note: The 50% bootstrap value 
has no particular significance; it is merely a convention returned by the default settings on PAUP. Nodes with bootstrap values less than 80% should 


probably be regarded as not robust. 


as postulated by Sereno (1991a) and followed by Juul (1994) and 
Gower and Wilkinson (1996), rather than ornithodirans, as ini- 
tially proposed by Gauthier (1986) and Benton and Clark (1988). 
There is no clear evidence that Phytosauridae is the basal cruro- 
tarsan group as suggested previously (Gauthier 1986; Benton 
and Clark 1988, Sereno 1991a; Parrish 1993). It should be noted 
that the crurotarsan portions of previous cladograms are equally 
poorly supported, although these earlier authors did not pro- 
vide bootstrap or other tests (fig. 1.4). Parrish (1993) provided a 
detailed cladogram of Crurotarsi, but bootstrap testing and Bre- 
mer support values (Gower and Wilkinson 1996) show similar 
weaknesses. 

Analyses have been much more informative with regard to 
the bird line. The clade made up of Scleromochlus + Ornithodira, 
named Avemetatarsalia by Benton (1999), comprises all 
avesuchians/crown-group archosaurs closer to Dinosauria than 
to Crocodylia. It is well supported (98% of bootstrap replicates), 
and relationships within the clade are clearer than those within 
Crurotarsi (fig. 1.8). There are seven postulated synapomor- 
phies: the interclavicle absent; the ratio of forelimb length to 
hindlimb length less than 0.55; manual digits I-III having a 
long penultimate phalanx with trenchant unguals; the ratio of 
tibia length to femur length more than 1.0; the fibula tapering 
and the calcaneum reduced in size; a compact metatarsus, with 
metatarsals I-IV tightly appressed; and the length of metatarsals 
II-IV more than 50% that of tibia. In addition, dermal armor 
is absent. The elongate hindlimb with elongate tibia and foot 
and the appressed elongate metatarsus are striking characters 


of Scleromochlus (fig. 1.7A) and other avemetatarsalians. An al- 
ternative name, Ornithosuchia Huene, 1907-8, defined by 
Gauthier (1986) as referring to the taxon that includes extant 
birds and all extinct archosaurs that are closer to birds than 
they are to crocodiles, might have been used here. However, 
Gauthier and de Queiroz (2001) reject that definition since Or- 
nithosuchia would now have to exclude the species on which 
the name was based, namely, Ornithosuchus longidens (Huxley 
1877), which is closer to crocodiles than to birds, according to 
current cladograms. Hence, they erect Panaves to refer to the 
most inclusive clade containing Aves (Vultur gryphus Linnaeus, 
1758) but not Crocodylia (Crocodylus niloticus Lauenti, 1768), 
but this clade is equivalent to Avemetatarsalia, introduced as a 
stem-based taxon by Benton (1999) for Ornithodira and its close 
outgroups. 

Ornithodira—Pterosauria, Dinosauromorpha, their most 
recent common ancestor, and all descendants—is supported in 
60% of bootstrap replicates. It is supported by three apomor- 
phies: the deltopectoral crest on the humerus subrectangular; 
the astragalar caudal groove absent; and the calcaneal tuber 
rudimentary or absent. The clade has been given a node-based 
diagnosis by Sereno (1991a:34), but he included Scleromochlus, 
seen by him as possibly the sister group of either Pterosauria or 
Dinosauromorpha. In the diagnosis given here Scleromochlus 
may be included or excluded, depending on its position in the 
cladogram: here it lies outside Ornithodira. 

Dinosauromorpha refers to the clade comprising Neornithes 
and all ornithodirans closer to Neornithes than to Pterosauria. 
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It is a more robust clade, supported in 99% of bootstrap repli- 
cates. The clade has at least six synapomorphies (appendix): the 
subrectangular and distinctly offset femoral head; the astragalar 
craniomedial corner acute; the astragalar ascending process on 
the cranial face of the tibia; the calcaneal distal articular face less 
than 35% of that of the astragalus; the articular facet for meta- 
tarsal V less than half of the lateral surface of distal tarsal 4; the 
midshaft diameters of metatarsals I and V less than those of II-IV; 
and metatarsal V having no “hooked” proximal end, with the 
articular face for distal tarsal 4 subparallel to the shaft axis. There 
are many equivocal synapomorphies at this node and the next 
two (appendix) because of incomplete knowledge of Lagerpeton 
and Marasuchus and uncertainty about the location in the 
cladogram where a number of dinosauromorph features were 
acquired. Dinosauromorpha was given a node-based definition 
by Sereno (1991a:23, modified slightly): Dinosauromorpha in- 
cludes Lagerpeton chanarensis, Marasuchus talampayensis, Pseudo- 
lagosuchus major, Dinosauria, and all descendants of their 
common ancestor. A stem-based definition might be more ap- 
propriate because the basal forms are not well known. 

Dinosauriformes is the name given the clade comprising 
Neornithes and all ornithodirans closer to Neornithes than to 
Lagerpeton. It is less well supported (in only 84% of bootstrap 
replicates), but Marasuchus and Dinosauria show parallelogram- 
shaped cervical centra, an acetabular antitrochanter, an articu- 
lar surface on the femur that extends under the proximal head, 
and a weakly developed cranial trochanter on the femur, fea- 
tures that are absent in Lagerpeton. Dinosauriformes was given a 
node-based definition by Novas (1992b:56), who defined it as 
comprising the most recent common ancestor of Lagosuchus, 
Dinosauria, and all taxa stemming from it. Again, because the 
basal taxa are not well known, a stem-based definition is more 
appropriate. 


Monophyly of Dinosauria 


Dinosauria is a well-supported clade, present in 98% of boot- 
strap replications. It is diagnosed by many features, including 
loss of the postfrontal; an elongate deltopectoral crest on the 
humerus; a brevis shelf on the ventral surface of the postacetab- 
ular part of the ilium; an extensively perforated acetabulum; 
and a tibia with a transversely expanded subrectangular distal 
end, as well as a caudolateral flange, a depression for the astra- 
galus, and an ascending astragalar process on its cranial face. 
There are probably further synapomorphies, but incomplete 
knowledge of Marasuchus makes the placement of many of these 
equivocal (appendix). These characters include several given by 
Gauthier (1986), Benton and Clark (1988), Novas (1996a), and 
others, but the lists have been reduced and revised. The elongate 
vomers, elongate scapula, symmetrical hand, and three or more 
sacral vertebrae were eliminated from the analysis because they 
are seen in other basal archosaurs or because they are not con- 
vincingly present in all dinosaurs (Herrerasaurus has two sacral 
vertebrae, while ornithosuchids, Scleromochlus, and Pterosauria 
apparently have three). Dinosauria has been given a node-based 
diagnosis by Sereno (1998:61). 

Dinosauria consists of Triceratops, Neornithes, their most 
recent common ancestor, and all descendants. Within Dino- 
sauria, Saurischia is defined as comprising all dinosaurs that 
are closer to birds than to Ornithischia (Gauthier 1986:15). Or- 
nithischia comprises those dinosaurs closer to Triceratops than to 
Neornithes (Sereno 1998:61). 
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The Triassic and the Origin of Dinosaurs 


The Triassic was a time of major upheaval in land faunas. After 
the massive extinctions at the end of the Permian period, some 
251 million years ago, when as many as 50%-60% of tetrapod 
“families” died out (corresponding to perhaps 90% of species), 
ecosystems were devastated (Erwin 1993; Benton 2003). The 
complex Late Permian food webs, well known from both South 
Africa and from Russia, each comprised numerous herbivores 
and carnivores. Large herbivores such as pareiasaurs, tapino- 
cephalid dinocephalians, and dicynodonts disappeared com- 
pletely, and only two or three dicynodont species survived into 
the Triassic. Likewise, large carnivores such as gorgonopsians 
and titanosuchid dinocephalians also disappeared. Some of 
the smaller diapsids survived into the Triassic. 

One of these was Archosaurus from the latest Permian of Rus- 
sia. It is known from only fragmentary remains, but these show 
at least one diagnostic archosaur character, namely, the pres- 
ence of an antorbital fenestra. Archosaurus is usually thought to 
be a proterosuchid, best represented by Proterosuchus from the 
Early Triassic of South Africa (fig. 1.5A), a 1.5 m long-snouted 
semiaquatic form. Proterosuchids were rare in the earliest Tri- 
assic, but the dicynodont Lystrosaurus dominated faunas to an 
astonishing extent, comprising more than 90% of specimens in 
faunas from South Africa and Antarctica and known also from 
South America, China, and Russia. Proterosuchids survived into 
the Early Triassic. 

In the Early Triassic came two other basal archosaur groups: 
erythrosuchids, represented by Erythrosuchus (fig. 1.5B) and Eu- 
parkeria (fig. 1.5C), both from South Africa. Erythrosuchus and its 
relatives, such as Shansisuchus from China and Garjainia and 
Vjushkovia from Russia, were up to 5 m long, and they were 
clearly the top predators of their day. Euparkeria was a small an- 
imal that may have adopted a quadrupedal or bipedal posture. 
The final basal group, Proterochampsidae, represented by Chan- 
aresuchus (fig. 1.5D) and Proterochampsa from the Middle Triassic 
of Argentina, comprises superficially crocodile-like fish eaters. 
These were restricted geographically and in numbers, and they 
did not radiate extensively. 

Archosaur diversity increased substantially in the Middle Tri- 
assic (fig. 1.9) as the group expanded into new niches. Presto- 
suchids became ever larger, some of them reaching a length of 
5 m, with high skulls armed with sharp teeth and an additional 
opening in the upper jaw between the premaxilla and maxilla, 
just below the external naris (fig. 1.6D). Some “rauisuchians” 
also show remarkable modifications in the pelvis and hindlimb, 
where the pillarlike femur fits straight up into a nearly hori- 
zontal acetabulum. Poposaurids, such as Postosuchus, were also 
quadrupeds, of similar large size but with unusual high, narrow 
skulls that apparently had some crocodile-like features in the 
caudal portion and a much-modified pelvis. “Rauisuchians” 
continued as major predators through the Late Triassic. 

Other groups appeared in the Late Triassic (fig. 1.9). Phyto- 
saurids were long-snouted animals measuring 2-4 m from the 
Late Triassic of Europe, North America, parts of Asia, and North 
Africa (fig. 1.6A). They looked superficially like modern croco- 
diles, but their crocodile-like features evolved convergently; for 
example, their external nares are contained in a bony mound 
between the eyes instead of at the tip of the snout as in crocodylo- 
morphs. Ornithosuchidae, from the Late Triassic of Scotland 
(Ornithosuchus) and Argentina (Riojasuchus, Venaticosuchus), were 
facultatively bipedal carnivores measuring 1-3 m in length. The 
skull (fig. 1.6B) shows a bulbous snout anda gap in the tooth row 
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FIGURE 1.9. Evolution of the major archosaur groups through the Triassic, showing the major groups plotted 
against their occurrences in time (after Benton 1993), with postulated relationships based on the cladogram 
in figure 1.8. Stars mark the two postulated extinction events that affected archosaurian evolution. 


between the premaxilla and maxilla. Stagonolepididae are a fur- 
ther distinctive group, unusually of herbivorous basal archosaurs, 
from the Late Triassic. They had low, blunt-ended snouts, peg- 
like teeth (fig. 1.6C), and heavily armored, 1-3 m long bodies. 

Crocodylomorpha arose in the Late Triassic initially as 
small bipedal terrestrial forms, such as Terrestrisuchus and Salto- 
posuchus. These superficially uncrocodile-like animals already 
had the crocodylomorph hallmarks of elongate wrist bones 
and pneumatic cranial bones. A Late Triassic and Early Jurassic 
clade, sphenosuchids such as Sphenosuchus from South Africa 
(Walker 1990) were quadrupedal and probably fed on a mixed 
carnivorous diet of land animals and fishes. 

The bird line of archosaur evolution includes principally the 
dinosaurs and the pterosaurs. The most basal avemetatarsalian, 
Scleromochlus from the Late Triassic of Scotland (Benton 1999), 
looks like a small dinosaur (fig. 1.7A), but it lacks the specialized 
ankle joint of pterosaurs, dinosaurs, and Marasuchus. It does have 
the characteristic digitigrade foot and tightly bound subequal 
metatarsals I-IV seen in all avemetatarsalians. 

Pterosaurs are a distinctive clade of flying archosaurs with 
wings supported on their arms and an elongate fourth finger 
(Wellnhofer 1978). The oldest pterosaurs, such as Eudimorphodon 
from the Late Triassic of northern Italy, already show the wing 
fully developed, as well as numerous other pterosaur characters, 
such as the large, lightly built head, the caudally shifted orbit 
and bulbous temporal region, the shoulder girdle fused to the 


axial skeleton, the massive ossified keelless sternum, and the re- 
duced pelvic girdle (Wild 1978a). 

Basal Dinosauromorpha includes some small bipeds from 
the Middle Triassic of Argentina, Lagerpeton and Marasuchus. 
Lagerpeton is known only from the hindlimbs, the pelvis, and 
the trunk and caudal vertebrae (Sereno and Arcucci 1993). It has 
an unusual, functionally two-toed foot and was evidently an 
agile hopper or runner. Marasuchus is similar in size and adap- 
tations (fig. 1.7B). It is known from partial skull remains and 
from much of the postcranial skeleton of several individuals 
(Bonaparte 1975a; Sereno and Arcucci 1994), which indicate an 
animal 1.3 m long that shares many features with dinosaurs. 
The oldest known dinosaurs are Eoraptor, Herrerasaurus, and 
Pisanosaurus from the Ischigualasto Formation of Argentina, 
dated as mid- to late Carnian, some 228 Ma old (Rogers et al. 
1993). A number of other Carnian dinosaurs of similar age are 
known also from Brazil, India, Morocco, the southwestern United 
States (Coelophysis), and possibly Scotland (Saltopus). 

There are currently two ways of viewing the radiation of the 
dinosaurs in the Late Triassic. Either they “took their chances” 
after a mass extinction event and radiated opportunistically or 
they competed over a longer timespan with the mammal-like 
reptiles, rhynchosaurs, and crurotarsan archosaurs, eventually 
prevailing. I suggest that the former was the case. 

Most authors (e.g., Bakker 1972; Charig 1984) assumed that 
the competitive model was correct for four reasons. First, many 
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considered dinosaurs to bea polyphyletic assemblage and hence 
believed that dinosaurs had arisen several times as a result of 
similar competitive pressures. Second, the origin of dinosaurs 
was seen as a drawn-out affair that started well down in the 
Middle Triassic and involved extensive and long-term competi- 
tion. Third, dinosaur ancestors were regarded as competitively 
superior animals compared with the other members of their 
biota, with advanced locomotor adaptations (erect gait) or 
physiological advances (warm-bloodedness or cold-bloodedness: 
both cases have been argued), that progressively competed with 
all the mammal-like reptiles and crurotarsan archosaurs and 
caused their extinction. Fourth, it was generally assumed that 
major replacements in time were progressive, that evolution led 
ever onward and upward. Perhaps in some ways it does, but this 
assumption of progress meant that an a priori assertion was 
made that the new animals were better than the old ones and 
thus the replacement had happened competitively. 

All four assumptions fail on close scrutiny: (1) Dinosauria is 
not polyphyletic; (2) dinosaurs diversified rapidly in the mid- 
Carnian, and not over a span of 10-15 Ma; (3) dinosaurs did not 
become abundant as soon as they appeared, but perhaps some 
10 Ma later, and hence evidently did not demonstrate their com- 
petitive superiority; and (4) the argument that progress equaled 
competitive replacement is circular and requires some support- 
ing evidence. 

Several lines of evidence (Benton 1983b, 1986, 1994) sug- 
gest that dinosaurs radiated after ecospace had been cleared 
during an extinction event and that they did not establish their 
preeminence after a long period of competition with precursor 
groups: 


1. The pattern in the fossil record does not support the 
competitive model. Dinosaurs appeared in the mid- 
Carnian or earlier and were rare elements in their faunas 
(1%-2% of individuals) until a major extinction event at 
the end of the Carnian, when various basal archosaurs 
and the dominant herbivore groups—dicynodonts, 
herbivorous cynodonts, and rhynchosaurs—all died out. 
Dinosaurs became more diverse and more abundant 
during the Norian, and all the major lineages appeared 
during this time. In Norian faunas dinosaurs represented 
50%-90% of individuals, a dramatic increase from their 
pre-Norian totals. Dinosaurs diversified further in the 
Early Jurassic, after a second mass extinction at the end 
of the Triassic, when the remaining basal archosaurs and 
other groups died out. 


2. The so-called superior adaptations of dinosaurs were 
probably not so profound as was once thought. Many 
other archosaurs (e.g., aetosaurs, “rauisuchians,” 
ornithosuchids, and some crocodylomorphs) also 
evolved erect gait in the Late Triassic, and yet they died 
out. The physiological characters of dinosaurs—whether 
they were warm-blooded or not, for example—cannot be 
determined with confidence. Dinosaurs were unique in 
being bipedal, but such a functional argument has not 
been put forth as the key driving force of active 
competitive replacement. 


3. There is good evidence for other extinctions at the end 
of the Carnian and for environmental changes that may 
have mediated the changeover to dinosaur-dominated 
faunas. The Dicroidium flora of the Southern Hemisphere 
gave way to a worldwide conifer flora about this time. 
There were turnovers in marine communities, 
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particularly in reefs, and there was a shift from pluvial 
climates to arid climates throughout much of the world 
(Simms and Ruffell 1990). The climatic and floral 
changes may have caused the extinctions of the 
dominant herbivorous tetrapods, opening the way 

for dinosaurian herbivores. 


4. Many critical adaptations of the various dinosaur 
lineages were already established before dinosaurs 
diversified as the common large-bodied fauna. For 
example, the saurischians Eoraptor and Herrerasaurus 
and the ornithischian Pisanosaurus are known from the 
Carnian, thereby establishing the rudiments of the two 
great dinosaurian clades in the Carnian, well before 
cladal diversification took place. 


5. The idea that simple competition can have major 
long-term effects in evolution is probably an 
oversimplification of a complex set of processes. 
Competition between clades is different from 
competition within or between species. In 
paleontological examples like this, competition has 
often been assumed to have been the mechanism, but 
the evidence has generally turned out to be weak. 


The interval from the Carnian to the Norian has long been 
recognized as critical in the evolution of terrestrial vertebrates. 
Charig (1984), for example, noted the changeover from so-called 
paleotetrapods, essentially Paleozoic groups, to neotetrapods, or 
more modern forms, at this time. The last of the dicynodonts, 
basal archosauromorphs (rhynchosaurs, prolacertiforms, basal 
archosaurs), gave way to the new dinosaurs, pterosaurs, croco- 
dylomorphs, turtles, and mammals. These new groups lived side 
by side with some surviving basal archosaurs—phytosaurs, 
stagonolepidids, ornithosuchids, and “rauisuchians”—and in- 
deed the last two groups were the top predators, but they suc- 
cumbed to the mass extinction at the end of the Triassic (fig. 1.9), 
after which larger carnivorous dinosaurs arose. 


Appendix: Characters Diagnosing Clades 


The following characters diagnose the clades in the cladogram 
shown in figure 1.8. The apomorphic condition (1) usually is 
not indicated, but in the case of multistate characters (numbers 
9, 14, 41, 49, 53, 63, 64), the condition (1-4) is shown. Charac- 
ter state reversals are indicated by a negative sign. Equivocal 
character placements are indicated by an asterisk (*) at each pos- 
sible node. The clade diagnoses include only the unequivocal 
characters. 


Archosauria + Prolacerta: 13*, 26 
Marginal teeth bilaterally compressed. 


Archosauria: 5, 9 (1), 18, 23, 25, 29 

Antorbital fenestra, postfrontal reduced to half the size of 
the postorbital, ossified laterosphenoid, prootic midline contact 
on endocranial cavity floor, teeth with serrated margins, lateral 
mandibular fenestra. 


Erythrosuchus + Euparkeria + Proterochampsidae + Avesuchia: 5, 
14, 15, 19, 24, 28, 35*, 40, 50, 58, 85, 86, 87 

Antorbital fossa, parietal foramen absent, supratemporals 
absent, basisphenoid vertical, external abducens foramina on 
rostral surface of prootic, interclavicle lateral processes reduced, 


preacetabular process on iliac blade, ischium longer than iliac 
blade, centrale absent, distal tarsal 1 absent, distal tarsal 2 absent. 


Euparkeria + Proterochampsidae + Avesuchia: 20, 41 (1), 57, 62 
Basisphenoid intertuberal plate absent, scapula more than 

twice the maximum width, pubic tuber strongly downturned, 

intertrochanteric fossa on ventral proximal femur absent. 


Proterochampsidae + Avesuchia: -19, 21, 22, 34, -35*, 71 

Basisphenoid horizontal, foramina for cerebral branches of 
internal carotid arteries lateral on basisphenoid, basisphenoid 
tubera with semilunar depression on lateral face, postaxial inter- 
centra absent, crural facets on astragalus continuous. 


Avesuchia: 27, 49 (1), 70, 79, 83, 88 

Teeth on palatine and vomer absent, manual digit IV with 
four or fewer phalanges, ventral astragalocalcaneal articular 
facet larger than dorsal articulation, calcaneal tuber oriented 
more than 45° caudolaterally, articular surfaces for fibula and 
distal tarsal 4 on calcaneum continuous, articular facet for meta- 
tarsal V on distal tarsal 4 less than half of lateral surface of distal 
tarsal 4. 


Crurotarsi: 16*, 33*, 35*, 42, 56, 72, 80, 81, 82, 84, 95* 

Scapulocoracoid notch at cranial junction of scapula and 
coracoid, pubic acetabular margin recessed, astragalar tibial facet 
flexed, calcaneal tuber shaft broader than tall, calcaneal tuber 
distal end rounded, calcaneal tuber distal end with vertical me- 
dian depression, hemicylindrical calcaneal condyle for articula- 
tion with fibula. 


Phytosauridae + Gracilisuchus: 8* 


Stagonolepididae + Crocodylomorpha + Ornithosuchidae + 
“Rauisuchia”: 19*, 68, -88 

Fibular cranial trochanter robust and pendent; distal tarsal 4 
broader than distal tarsal 3. 


Ornithosuchidae + Crocodylomorpha + “Rauisuchia”: -49, -95 
Five phalanges in manual digit IV, loss of osteoderm sculpture. 


Ornithosuchidae + Postosuchus + Crocodylomorpha: 53 (1)*, 
55*, 64 (2)* 


Postosuchus + Crocodylomorpha: 13 (1)*, 17*, -35* 
“Rauisuchia”: 3 Maxillary-premaxillary kinetic joint. 


Prestosuchidae: 2*, 6, 10*, 38*, 52* 
Antorbital fenestra triangular with elongate narrow rostral 
point. 


Avemetatarsalia: 1*, 38*, 39, 41 (2)*, 43, 47, 59, 69, 90, 92*, 93 

Interclavicle absent, forelimb-hindlimb ratio less than 
0.55, manual digits I-III with a long penultimate phalanx with 
trenchant unguals, tibia-femur ratio equal to or more than 1.0, 
fibula tapering and calcaneum reduced in size, compact meta- 
tarsus with metatarsals I-V tightly bunched, metatarsals II-V 
more than 50% tibial length. 


Omithodira: 32*, 44, 74, 78 
Deltopectoral crest on humerus subrectangular, astragalar 
caudal groove absent, calcaneal tuber rudimentary or absent. 


Dinosauromorpha: 9 (2)*, 53 (1)*, 60, 75, 77, 89, 91, 94 
Femoral proximal head subrectangular and distinctly offset, 
astragalar craniomedial corner acute, calcaneal distal articular 


face less than 35% that of astragalus, articular facet for meta- 
tarsal V less than half of lateral surface of distal tarsal 4, midshaft 
diameters of metatarsals I and V less than those of II-V, meta- 
tarsal V has no “hooked” proximal end and articular face for 
distal tarsal 4 is subparallel to shaft axis. 


Dinosauriformes: 31, 54, 61, 63, 64 (1) 

Centrum shape of cervical centra 6-9 parallelogram-shaped, 
acetabular antitrochanter on ilium and ischium, femoral head 
articular surface extends under head, fossa trochanterica on 
proximal face of femoral head, femoral cranial trochanter weakly 
developed. 


Dinosauria: 9 (2), 13*, 35*, 45, 49 (2)*, 51, 53 (2), 55*, 64 (2)*, 65%, 
66, 67, 73 

Postfrontal absent, deltopectoral crest elongate with apex 
situated at a point corresponding to more than 38% down the 
length of the humerus, brevis shelf on ventral surface of post- 
acetabular part of ilium, acetabulum extensively perforated, 
tibial distal end transversely expanded with subrectangular end, 
tibia with caudolateral flange and receiving depression on dor- 
sal aspect of astragalus, astragalar ascending process on cranial 
face of tibia. 


Saurischia: 2*, 7, 8*, 36*, 46, 48, 76 

Jugal overlaps lacrimal, robust saurischian thumb (meta- 
carpal I robust and half or less the length of metacarpal II, first 
phalanx longer than metacarpal I or any other phalanx in the 
hand, ungual phalanx of digit I much larger than other unguals), 
metacarpal IV and V bases lie on palmar surfaces of manual 
digits III and IV, respectively, calcaneal proximal articular face 
concave. 


Theropoda: 16*, 30, -69* 
Intramandibular joint well developed. 


Prolacerta: 32* 

Proterosuchus: 17* 

Erythrosuchus: 33* 

Proterochampsidae: 9 (2)*, -58 

Gracilisuchus: 8*, -9, 13 (1)*, 17*, 65* 
Stagonolepididae: 11 *, 49 (2)*, 52* 
Phytosauridae: 1*, 8*, 12 (1)*, -14, -26, 41 (2)*, -56, -82* 
Fasolasuchus: 3*, 36*, 64 (1)* 

Ornithosuchidae: -42, 65*, -82* 

Postosuchus: 2*, 10*, 11*, 12 (2), -37, 38*, 39*, -68 
Crocodylomorpha: 9 (2)*, -23, 92*, 95* 
Scleromochlus: 1*, -58*, -69*, -78, 92* 
Pterosauria: 1*, -58*, 92* 

Marasuchus: 32, -41 (1)*, -60 

Ornithischia: 19*, -47* 

Herrerasaurus: -41 (1)*, -46, -51 


Sauropodomorpha: 19*, -47* 
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SAURISCHIA 


THOMAS R. HOLTZ JR. 
HALSZKA OSMOLSKA 


Saurischia, the sister group of Ornithischia, was first recognized 
by Harry Govier Seeley in 1887 (Seeley 1887a). Most of the mem- 
bers of this clade are placed in three higher taxa—Theropoda, 
Prosauropoda, and Sauropoda. Gauthier (1986) provided the 
first numerical cladistic analysis of Saurischia, which has pro- 
vided the baseline for all subsequent studies of these three clades. 

Saurischia is a stem-based clade defined as all dinosaurs 
more closely related to Tyrannosaurus than to Triceratops (fig. $.1; 
Langer [this vol.] uses Allosaurus and Stegosaurus as clade exem- 
plars). Its diagnostic features are provided by Langer (chapter 2). 
Padian et al. (1999) defined Eusaurischia as the node-based 
clade uniting Sauropodomorpha and Theropoda. 

The basal split of Saurischia is into Sauropodomorpha (chap- 
ters 12, 13) and Theropoda (chapters 3-11). Galton and Upchurch 
(chapter 12) defined the former clade as stem-based, consisting of 
all taxa more closely related to Saltasaurus than to Theropoda. 
Sauropodomorpha is unambiguously diagnosed by the follow- 
ing: the skull length less than 50% of the femur length; a trans- 
versely compressed internarial bar; ventral deflection of the ros- 
tral end of the dentary; tooth crowns overlapping in lateral view; 
tooth serrations oriented at 45° to the crown long axis; 10 cervi- 
cal vertebrae; the ascending process of the astragalus keying into 
the distal surface of the tibia; and metatarsal V funnel- or paddle- 
shaped. Galton and Upchurch (chapter 12) discuss Prosauro- 
poda, and Upchurch, Barrett, and Dodson (chapter 13) detail 
Sauropoda. Langer (chapter 2) identifies several basal saurischian 
taxa that fall outside Theropoda and Sauropodomorpha. 

Theropoda, the sister taxon to Sauropodomorpha, is the most 
differentiated group among saurischians. The origin of birds 
lies within theropod dinosaurs, meaning that theropods include 
birds in addition to the traditionally understood theropod dino- 
saurs (see Padian, this vol.). The size range of theropods is un- 
usually wide. Although most of the extinct forms were medium- 
sized (2-3 m long), some nonavialan theropods were among the 
largest land-dwelling animals, anda few small adult nonavialan 
theropods, the size of a chicken or turkey, have also been de- 
scribed. The smallest adult nonavialan theropod thus far known 
is Microraptor, with an estimated trunk length of 47 mm (for uses 
of the term “bird” and the names Aves and Avialae, see Padian, 
this vol.). Gigantic forms such as Tyrannosaurus and Spinosaurus 
attained a length of 14 m and weighed an estimated six tons 
or more. In contrast, most birds are small, the smallest known— 


Mellisuga hellene, the bee hummingbird—weighing a few grams. 
Body fossils of Mesozoic birds are much less frequent; the ear- 
liest undoubted one is Archaeopteryx from Upper Jurassic strata 
in Germany (see Padian, this vol.). 

In some aspects Mesozoic theropods retained a primitive 
anatomy with respect to sauropodomorphs and ornithischians. 
All retained the ancestral posture of obligate bipedality, and 
most likewise retained the ziphodont tooth condition (labio- 
lingually flattened, serrated teeth) also found in numerous non- 
dinosaurian archosauriforms. Consequently, most of these 
theropods were carnivores, but some forms, including many 
birds, have secondarily adapted to omnivory and herbivory. 
The skull of many theropods is pneumatic, and there is a ten- 
dency to pneumatize the axial and appendicular skeletons. 
Theropods are obligatory bipeds, and the hindlimbs in non- 
flying cursorial forms are slender and long, with a compact, 
narrow, and usually elongate metatarsus. Metatarsal V is reduced 
toa splint of bone, and the first metatarsal is separated from the 
tarsus. Forelimbs in nonavialan theropods, as well as in most 
secondarily flightless avialans, are shorter than the hindlimbs, 
their length equal to less than two-thirds the length of the 
hindlimb. In the manus there is a reduction of lateral digits, 
with metacarpal V, digit V, and most often digit IV being re- 
duced or absent. Manual digits end with more or less recurved 
claws. At least some nonavialan coelurosaurian theropods had 
true feathers (Zhou et al. 2003), but these probably originally 
evolved for functions unrelated to flight. 

Theropoda was originally erected by Marsh (1881a) to in- 
clude all known Triassic dinosaurs and the Jurassic and Creta- 
ceous carnivorous dinosaurs. Later, Huene (1914a, 1920) dis- 
tinguished Coelurosauria and Carnosauria as the principal 
subdivisions of Theropoda. Thereafter, the two latter group- 
ings were conventionally used by authors to include “small 
theropods” and “large theropods,” respectively. Application of 
cladistic methodology by Gauthier (1986) brought about a sig- 
nificant rearrangement of phylogenetic inferences that amelio- 
rated the confusion of the past. Gauthier (1986:18) was the first 
to formally define Theropoda as “birds and all saurischians 
that are closer to birds than they are to sauropodomorphs” 
(Gauthier’s definition has been emended by Padian et al. [1999] 
and Holtz [1998a]). Gauthier’s paper was followed by cladistic 
studies by other authors (e.g., Holtz 1994, 1998a, 2001a, 2001b; 


Prosauropoda 


Ornithischia 
Theropoda 
Sauropoda 


Sauropodomorpha 
Saurischia 


FIGURE S.1. Cladogram of Saurischia. 


Holtz and Padian 1995; Sereno 1997, 1998, 1999a; Norell et al. 
2001c; Maryanska et al. 2002; Rauhut 2003), who further de- 
veloped and supplemented Gauthier’s phylogenetic scheme of 
Theropoda (see also Holtz 1998a; Padian et al. 1999). 

Theropoda is the stem-defined clade comprising all taxa 
closer to Passer domesticus than to Cetiosaurus oxoniensis (Padian 
and May 1993, emended following Maryanska et al. (2002) to 
use Passer domesticus rather than Aves or Neornithes as an an- 
chor taxon). The ectopterygoids of theropods possess a ventral 
fossa, a simple depression in basal forms but a more elaborate 
pneumatic structure in derived taxa. There is reduced overlap of 
the dentary and postdentary bones in the mandible, producing 
an intramandibular joint. The cervical epipophyses of thero- 
pods are elongated and prong-shaped. Theropods have consid- 
erable pneumatization of the vertebral column and long bones. 
The cranial zygapophyses of the distal caudal vertebrae are elon- 
gated. The manus of theropods are highly transformed: manual 
digit V is greatly reduced; the shafts of metacarpals I-II] are more 
closely appressed proximally than in other dinosaurs, so that 
intermetacarpal articular facets are present; and deep extensor 
depressions are present on metacarpals I-III. 

Numerous workers have examined the phylogenetic struc- 
ture of Theropoda, including Gauthier (1986), Russell and 
Dong (1993a), Holtz (1994, 1998a, 2001a, 2001b), Sereno et 
al. (1994, 1996, 1998), Makovicky and Sues (1998), Forster et al. 
(1998), Harris (1998a), Forster (1999), Langer et al. (1999b, 2000), 
Sereno (1999a), Currie and Carpenter (2000), Norell et al. 
(2001c), Carrano et al. (2002), Hwang et al. (2002), Maryanska 
et al. (2002), Rauhut (2003), and Holtz et al. (this vol.). Several 
robustly supported clades have been identified in these studies. 
Among them are Tetanurae, whose monophyly and much of 
whose basal membership are provided in chapter 4. Tetanurae 
includes several basal taxa and two great clades—Spinosauroidea 
and Avetheropoda. Within Avetheropoda are two other large 
clades—Carnosauria and Coelurosauria. Within Coelurosauria 
are Compsognathidae, several more derived forms, and Tyran- 
noraptora. This latter clade comprises Tyrannosauroidea and 
Maniraptoriformes (the combined clade of Ornithomimosauria, 
Therizinosauroidea, Oviraptorosauria, Troodontidae, Dromae- 
osauridae, and Avialae [chapters 4-11; fig. $.2]). Except for 
Maryanska et al. (2002), most studies agree that Dromaeo- 
sauridae (possibly with Troodontidae as Deinonychosauria) 
and Avialae share more recent common ancestors with each 
other than with most remaining theropods and that Oviraptoro- 
sauria lies outside the dromaeosaurid-bird clade but closer to 
these than are Compsognathidae, Tyrannosauroidea, and Or- 
nithomimosauria. 

Maniraptoriformes is the clade uniting Ornithomimus velox 
and Passer domesticus. In most recent studies Ornithomimosauria 
constitutes one major branch of maniraptoriforms, and Theri- 
zinosauroidea, Oviraptorosauria, Dromaeosauridae, and Avialae 
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(together as Maniraptora) constitute the other. According to the 
phylogenetic analysis of Holtz et al. (this vol.), there are a num- 
ber of maniraptoriform synapomorphies: the cervical cranial 
zygapophyses are flexed; the caudal margin of the vertebral cen- 
tra of cranial cervicals extends beyond the caudal margin of 
the neural arch; the caudal zygapophyses of the caudal cervicals 
are elongate; the internal tuberosity of the humerus is cranio- 
caudally compressed and longitudinally elongate metacarpal III 
is subequal in length to metacarpal I]; the pubic apron is limited 
to the distal half of the pubic shaft; and the most proximal point 
of the cranial trochanter of the femur extends above the proxi- 
mal margin of the femoral head. 

Maniraptora is the clade of Passer domesticus and all taxa 
closer to it than to Ornithomimus velox. Nearly all recent phylo- 
genetic analyses find Oviraptorosauria, Therizinosauroidea, 
Dromaeosauridae, Troodontidae, and Avialae within this clade 
(fig. S.2; see Holtz 1994 for another interpretation of the posi- 
tion of Troodontidae and Sereno 1999a for the position of 
Therizinosauroidea). In maniraptorans the spinous processes 
of the caudal dorsals is rectangular and significantly higher 
than long. The only confirmed ossified sternal plates among 
Theropodaare present in Maniraptora (see Holtz et al., this vol.). 
The humeral ventral epicondyle is prominent. The olecranon 
process on the ulna is strongly reduced or absent. The distal 
carpal 1 block is enlarged to broadly overlap metacarpals I and II 
dorsally and ventrally and is fully semilunate-shaped. The base 
of metacarpal III is set on the palmar surface of the hand below 
the base of metacarpal II. The supracetabular crest of the ilium 
is markedly reduced or absent. The pubes of therizinosauroids, 
avialans, dromaeosaurids, and the basal troodontid Sinovenator 
are opisthopubic, strongly suggesting that the propubic condi- 
tion of oviraptorosaurs and advanced troodontids is a secondary 
reversal (Holtz 1998a). The ischial obturator process is placed at 
the midpoint of the ischium shaft or distal, so that the ischial 
obturator notch is greater than the craniocaudal diameter of 
the acetabulum. The femoral greater trochanter is fused with 
the cranial trochanter into a trochanteric crest. Oviraptoro- 
saurs, dromaeosaurids, and avialans are all known to have broad 
pennaceous feathers on the forelimbs and tail, which may 
be maniraptoran synapomorphies. However, the integument of 
basal coelurosaurs other than compsognathids are presently 
unknown, so these traits may actually characterize a more in- 
clusive taxon. 

Paraves is the stem-based clade comprising Passer domesticus 
and all taxa closer to it than to Oviraptor philoceratops. Within 
Paraves, Eumaniraptora is the clade composed of Passer domesti- 
cus, Deinonychus antirrhopus, their most recent common ances- 
tor, and all of its descendants. In the majority of phylogenies 
Troodontidae is closer to Dromaeosauridae than either is to 
Avialae, thus forming Deinonychosauria (Makovicky and Sues 
1998; Sereno 1999a; Hwang et al. 2002; Rauhut 2003; Holtz etal., 
this vol.). However, the position of Alvarezsauridae, an enig- 
matic group of Late Cretaceous theropods, makes the member- 
ship of Paraves and thereby its synapomorphies difficult to 
ascertain. Placed close to the origin of Avialae (see chapter 11), 
paravians share short, deep paroccipital processes with a convex 
distal end oriented with a conspicuous twist in the distal end, 
so that the occipital surface of the distal end is oriented more 
dorsally than is the proximal region. The branches of the inter- 
nal carotid artery entering the hypoglossal fossa do so through 
a single common foramen (not separate foramina as in other 
theropods). The caudal tympanic recess is confined to the 
columnar process. The foramen magnum is taller than it is wide. 
Carotid processes are present in the caudal cervical vertebrae. 
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FIGURE S.2. Cladogram of Theropoda indicating the relationships among the well-known taxa. 


The caudal edge of caudal zygapophyses in the dorsal vertebrae 
overhangs the vertebral centrum. Spinous processes are limited 
to the first ten or fewer caudals, and the transition point within 
the tail occurs at approximately the tenth caudal. The humeral 
head is offset and emarginated ventrally by a groove. The obtu- 
rator process is limited to the distal third of the ischial shaft. 
The adductor fossa and the associated caudodistal crest of the 
distal femur are reduced or absent. 

Eumaniraptora is composed of Deinonychosauria and Avialae. 
Eumaniraptorans have greatly reduced prefrontals (a condition 


also found in tyrannosaurids, among others). The margin of 
the external antorbital fenestra on the craniolateral surface of 
the descending ramus of the lacrimal flattens out and is not con- 
tinued on the surface of the jugal. A vertical columnar process 
is present on the retroarticular process. The vertebral centra of 
caudal vertebrae I-V are boxlike with increased flexural capabil- 
ity. First along the tail are the hatchet-shaped haemal processes 
(those with the distal portion longer craniocaudally than the 
proximal portion, with a ventrally convex margin), followed 
by those that are boat-shaped (haemal processes with cranial 
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and caudal projections, and more than twice as long cranio- 
caudally as they are tall dorsoventrally). The glenoid articulation 
of the pectoral girdle is oriented laterally in basal dromaeo- 
saurids, basal troodontids, and birds. The coracoid is subrectan- 
gular (with a dorsoventral depth more than 130% of the cranio- 
caudal width) or strutlike, and the coracoid dorsoventral depth 
is five times or more the glenoid diameter. The coracoid forms 
a sharp angle at the point of articulation with the scapula. The 
manus is 20% or more longer than the ulna, and the metacarpus 
is slender and elongate (the length of metacarpals I-III being 
220% or more of the width of the metacarpus). The preacetabu- 
lar portion of the ilium is significantly longer than the post- 
acetabular portion. The brevis fossa is present but reduced rela- 
tive to that of other theropods. The pubic tubercle is spine- or 
crestlike and points cranially. The femoral obturator ridge is 
present as a pronounced ridge on the greater trochanter. The 
distal articular surface of the tibia is rectangular and more than 
three times as wide transversely as craniocaudally. The currently 
known basal members of dromaeosaurids, troodontids, and 
avialans are all approximately 50-70 cm long, suggesting that 
this was the size of the immediate common ancestor of these 
clades. 

Deinonychosauria has two alternative definitions in the 
literature. Padian et al. (1999) use a stem-based definition of 
Deinonychus antirrhopus and all taxa sharing a more recent an- 
cestor with it than with Passer domesticus. Sereno (1998), how- 
ever, uses a node-based definition of Dromaeosaurus albertensis, 
Troodon formosus, their most recent common ancestor, and all 
of its descendants. In many analyses (Makovicky and Sues 
1998; Sereno 1999a; Hwang et al. 2002; Rauhut 2003; Holtz et 
al., this vol.) troodontids were found to be the sister taxon of 
dromaeosaurids, and so these two different definitions contain 
the same currently known taxa. However, some studies have 
found troodontids to be more closely (Forster et al. 1998) or 
more distantly (Holtz 1994; Norell et al. 2001c) related to Avialae 
than are dromaeosaurids; in these cases, dtomaeosaurids would 
be the only confirmed deinonychosaurs. Figure S.2 shows the 
traditional relationship uniting Dromaeosauridae and Troodon- 
tidae in Deinonychosauria. Deinonychosaurs share a hyper- 
extensible second pedal digit in which phalanx 2 is abbreviated 
and tall with a proximal heel and sports a sickle-shaped ungual 
significantly larger than other pedal unguals. However, these 
same traits are also present in the basal avialan Rahonavis, so 
they may actually diagnose Eumaniraptora. The occipital condyle 
of deinonychosaurs has a constricted neck. The splenial has ex- 
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tensive triangular exposure in lateral view between the dentary 
and the angular (a reversal of the condition found in basal 
theropods; in other coelurosaurs the splenial is obscured from 
view on the lateral surface). The rostral mylohyoid foramen opens 
rostroventrally. Where present, the distal serrations of maxillary 
and dentary teeth are much larger than the mesial serrations. 
The axial spinous process is axially reduced and rodlike, and its 
craniodorsal rim is concave in lateral view. The epipophyses of 
cranial cervicals are pronounced, strongly overhanging the 
caudal zygapophyses. Scars for the interspinous ligaments of 
the dorsal vertebrae terminate below the apex of the spinous 
process. The distal haemal processes are bifurcated cranially 
and caudally. 

Within Theropoda there remain several areas of controversy. 
First is the basal structure of the clade, an issue that extends out- 
wardly to basal Saurischia. In chapter 2 Langer argues that Eo- 
raptor and herrarasaurids (Herrarasaurus and Staurikosaurus) are 
not theropods as Sereno et al. (1993; see also Sereno 1997, 1999a) 
make them but instead are saurischians outside Theropoda + 
Sauropodomorpha. How this shift in position will affect the 
diagnosis of Theropoda is not yet known. 

Ceratosauria, first recognized phylogenetically by Gauthier 
(1984, 1986; see also Rowe and Gauthier 1990), has been con- 
sidered to be located at or near the base of Theropoda. This po- 
sition is defended in chapter 3 through new cladistic analyses 
by Tykoski and Rowe. However, with the recent discovery and 
phylogenetic analysis of Masiakasaurus knopfleri (Carrano et al. 
2002), the monophyly of Ceratosauria has been called into 
question. No doubt this contention, accompanying efforts to 
understand the position of Eoraptor and herrerasaurids, will also 
be reflected in future systematic studies of Theropoda. 

Moving from basal taxa to those potentially more closely re- 
lated to birds, we encounter the question of Alvarezsauridae. 
The position of alvarezsaurids is poorly constrained; they have 
been considered birds closer to Neornithes than is Archaeopteryx 
(Forster et al. 1998; Holtz 1998a), the sister taxon to Ornitho- 
mimosauria (Sereno 1999a, 2001), basal maniraptorans outside 
a clade containing oviraptorosaurs, therizinosaurs, and eu- 
maniraptorans (Hwang et al. 2002), or basal paravians outside 
Eumaniraptora (Holtz et al., this vol.). In chapter 11 Padian re- 
counts these different interpretations and their anatomical basis, 
tentatively suggesting that the clade resides either immedi- 
ately within or outside Avialae (for example, fig. S.2 positions 
Alvarezsauridae as the sister group to Eumaniraptora within 
the context of Paraves). 
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Basal Saurischia 


MAX C. LANGER 


The name Saurischia was coined by Seeley in lectures given in 
1887 (Seeley 1887a, 1888a) to designate those dinosaurs possess- 
ing a propubic pelvis. This plesiomorphic feature distinguishes 
them from ornithischians, which have an opisthopubic pelvis. 
Despite its general acceptance as a taxonomic unit since the 
proposal of the name (Huene 1932; Romer 1956; Colbert 1964a; 
Steel 1970), the monophyly of Saurischia was heavily ques- 
tioned in the 1960s and 1970s (Charig et al. 1965; Charig 1976b; 
Reig 1970; Romer 1972c; Thulborn 1975; Cruickshank 1979). Its 
status as a natural group was, however, fixed by Bakker and Gal- 
ton (1974), Bonaparte (1975b), and, more importantly, Gauthier 
(1986), who formally established the monophyly of the group. 

The taxa discussed in this chapter (table 2.1) are usually con- 
sidered to be among the oldest known dinosaurs. They include 
the most basal saurischians, as well as various forms of un- 
certain affinity once assigned to the group. The most important 
of these records come from the South American beds of Ischigua- 
lastian age (Bonaparte 1982b), usually dated as Carnian (Rogers 
et al. 1993; Lucas 1998). These comprise the Ischigualasto For- 
mation in northwestern Argentina, which has yielded Herrera- 
saurus ischigualastensis (Reig 1963) and Eoraptor Iunensis (Sereno 
et al. 1993), and the Upper Santa Maria Formation, in southern 
Brazil, which yielded Staurikosaurus pricei (Colbert 1970). In 
addition, putative Triassic basal dinosaurs from other South 
American strata (Huene 1942; Bonaparte et al. 1999) and other 
parts of the world (Benton and Walker 1985; Galton 1985a; 
Chatterjee 1987; Long and Murry 1995; Fraser et al. 2002) are 
also considered. 

The dating of the tetrapod-bearing Late Triassic continental 
deposits is poorly constrained (for tentative global correlation 
see Anderson and Cruickshank 1978; Ochev and Shishkin 1989; 
Lucas 1998). Contrary to the claims of some (Hunt et al. 1998; 
Heckert and Lucas 1999; Flynn et al. 1999b), there is not a 
strong basis for the correlation of most Carnian strata world- 
wide, and the question which is the oldest known dinosaur is 
still to be answered. Here, several reputed dinosaur-bearing 
Carnian beds are tentatively correlated with the Ischigualast- 
ian. These include the Lossiemouth Sandstone Formation in 
Scotland (Benton and Walker 1985), the Lower Maleri Formation 
in India (Kutty and Sengupta 1989), the Argana Formation in 
Morocco (Jalil 1996), the Pebbly Arkose Formation in Zim- 
babwe (Raath 1996), and the Makay Formation in Madagascar 


(Flynn et al. 1999; Langer et al. 2000), as well as various strata in 
the western United States and on the Atlantic Coast of both the 
United States and Canada (Olsen et al. 1989; Long and Murry 
1995; Hunt et al. 1998; Lucas 1998). 

Interestingly, while saurischian dinosaurs are abundant in 
Carnian strata and became the dominant component of vari- 
ous Norian faunas, ornithischians are barely represented through 
this time interval. Pisanosaurus mertii, from the Ischigualasto 
Formation, is the sole reasonably well-known Triassic member 
of the group, which only achieved higher abundance and di- 
versity during Early Jurassic times (Weishampel and Norman 
1989). 


Definition and Diagnosis 


Saurischia is here defined as a stem-based taxon including all 
dinosaurs that share a more recent common ancestor with Al- 
losaurus than with Stegosaurus. Accordingly, this clade can be 
diagnosed by the following synapomorphies: narial fossa ex- 
panded in the rostroventral corner of the naris; subnarial fora- 
men; lacrimal folds over the caudal and/or dorsocaudal part of 
the antorbital fenestra; articular facet for the atlas in axial 
intercentrum concave, with upturned lateral borders; neural 
arch of cranial cervical vertebra with a marked concavity be- 
tween the postzygapophyses and the caudodorsal corner of the 
centrum (caudal conos); centra of postaxial cranial cervical ver- 
tebrae (3-5) longer than that of the axis; epipophyses on the 
caudal cervical vertebrae (6-9); hyposphene-hypantrum articu- 
lation in dorsal vertebrae; expanded transverse processes of 
sacral vertebrae roofing the space between adjacent ribs; distal 
carpal 5 absent; first phalanx of manual digit I twisted and the 
longest nonungual phalanx of the manus; well-developed 
supracetabular crest, accounting for more than 0.3 of the iliac 
acetabulum depth; and the medioventral lamina of the ischium 
restricted to the proximal third of the bone. 


Anatomy 


Most basal saurischians are known from incomplete post- 
cranial remains. Exceptions are Herrerasaurus ischigualastensis 
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TABLE 2.1 


Basal Saurischia 


Occurrence Age 


Material 


Dinosauria Owen, 1842b 
Saurischia Seeley, 1887a 
Herrerasauridae Reig, 1963 
Herrerasaurus Reig, 1963 (= Ischisaurus 
Reig, 1963; Frenguellisaurus Novas, 1986) 
H. ischigualastensis Reig, 1963 
(including Ischisaurus cattoi Reig, 
1963; Frenguellisaurus ischigualastensis 
Novas, 1986) 
Staurikosaurus Colbert, 1970 
S. pricei Colbert, 1970 


Unnamed clade 

Eoraptor Sereno, Forster, Rogers, et 
Monetta, 1993 
E. lunensis Sereno, Forster, Rogers, 

et Monetta, 1993 

Eusaurischia Padian, Hutchinson, et 
Holtz, 1999 
Guaibasaurus Bonaparte, Ferigolo, 

et Ribeiro, 1999 
G. candelariensis Bonaparte, 
Ferigolo, et Ribeiro, 1999 
Unnamed clade (sister group to 

Sauropodomorpha) 

Saturnalia Langer, Abdala, Richter, et 
Benton, 1999* 

S. tupiniquim Langer, Abdala, Richter, 
et Benton, 1999 
Saurischia incertae sedis 

Alwalkeria Chatterjee et Creisler, 1994 
(= Walkeria Chatterjee, 1986) 

A. maleriensis (Chatterjee, 1986) 
(= Walkeria maleriensis Chatterjee, 
1986) 

Chindesaurus Long et Murry, 1995 
(including Caseosaurus Hunt, Lucas, 
Heckert, Sullivan, et Lockley, 1998) 
C. bryansmalli Long et Murry, 1995 

(including Caseosaurus crosbyensis 
Hunt, Lucas, Heckert, Sullivan, 
et Lockley, 1998) 


Dinosauria incertae sedis 
Aliwalia Galton, 1985f 
A. rex Galton, 1985f 


Unnamed dinosaur (= Herrerasauria 
incertae sedis Galton, 1985a) 


Possible Dinosauria 
Saltopus Huene, 1910 
S. elginensis Huene, 1910 


Spondylosoma Huene, 1942 
S. absconditum Huene, 1942 


Ischigualasto Formation Carnian 


(San Juan), Argentina 


Upper Santa Maria Formation ?early Carnian 
(Rio Grande do Sul), Brazil 


Ischigualasto Formation (San Carnian 
Juan), Argentina 


Caturrita Formation (Rio Norian 


Grande do Sul), Brazil 


late Ladinian or 
?early Carnian 


Santa Maria Formation (Rio 
Grande do Sul), Brazil 


Lower Maleri Formation Carnian 


(Andhra Pradesh), India 


late Carnian- 
early Norian 


Petrified Forest Formation 
(Arizona); Chinle 
Formation/Bull Canyon 
Formation (New Mexico); 
Tecovas Formation (Texas), 
United States 


Lower Elliot Formation (Cape late Carnian or 
Province), South Africa early Norian 
Middle Stubensandstein middle Norian 
(Baden-Wtirttemberg), 

Germany 


Lossiemouth Sandstone late Carnian 
Formation (Grampian), 


Scotland 


Lower Santa Maria Formation ?late Ladinian 
(Rio Grande do Sul), Brazil 


Various partial skeletons, 
including a complete skull 
and mandible 


Partial postcranial skeleton 


with mandible 


2 nearly complete skeletons 


Partial postcranial skeleton and 
a fragmentary hindlimb 


3 partial skeletons, dentary, 
adult 


Partial skull and postcranial 
remains 


Partial postcranial skeleton 
and various isolated bones 


Partial femur and ?maxilla 


Proximal femur 


Partial postcranial skeleton 


Various postcranial remains 


Nomina dubia 


Material 


Agnosphitys cromhallensis Fraser, Padian, Walkden, et Davis, 2002 


Teyuwasu barberenai Kischlat, 1999 
Thecospondylus horneri Seeley, 1882 
(impossible to evaluate) 


Right femur and tibia 
Internal mold of sacrum 


Isolated maxilla, ilium, humerus, and astragali 


*See chapter 12 and table 12.1 for interpretation of Saturnalia tupiniquim as a prosauropod. 
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FIGURE 2.1. Body silhouettes of basal saurischians: A, Herrerasaurus ischigualastensis; B, Eoraptor lunensis; C, Staurikosaurus pricei; D, Guaibasaurus 
candelariensis. Scale = 25 cm. (A after Sereno and Novas 1992; B after Sereno at al. 1993; C after Novas 1997a.) 


and Eoraptor lunensis (fig. 2.1A-B), in which the complete skull 
and postcranium are known. Staurikosaurus pricei and Guaiba- 
saurus candelariensis (fig. 2.1C-D) are known from reasonably 
complete postcranial remains. Where relevant, this section also 
includes comments on the anatomy of some little-known Late 
Triassic putative dinosaurs or saurischians, including Agnosphitys 
cromhallensis, Aliwalia rex, Alwalkeria maleriensis, Chindesaurus 
bryansmalli, Saltopus elginensis, and Spondylosoma absconditum. 


Skull and Mandible 


Among basal saurischians complete skull material is known for 
Herrerasaurus and Eoraptor. In addition, fragmentary upper jaws 
have been assigned to Aliwalia, Alwalkeria, and Agnosphitys, and 
complete mandibles or portions of the lower jaw are known for 
Herrerasaurus, Eoraptor, Staurikosaurus, and Alwalkeria. In Herrera- 
saurus, Eoraptor, and Staurikosaurus the head is about the same 
length as the femur, a size relation apparently also found in AI- 
walkeria (Chatterjee 1987). 

The skull of Herrerasaurus (fig. 2.2A-B) is slender, with a par- 
ticularly narrow snout that is almost as deep as the back of the 
skull. In Eoraptor (fig. 2.2H) the skull is shorter, and its caudal 
portion is much deeper than the rostrum. The premaxilla of 
Herrerasaurus is deep, with a broad laterocaudal process that ex- 
tends between the maxilla and the nasal, excluding the former 
from the margins of the external naris. The external naris is not 
particularly large but bears a well-developed narial fossa. In Eo- 
raptor, on the other hand, the external naris occupies a much 
larger portion of the premaxilla, and the laterocaudal process 
of that bone is thinner. Both Eoraptor and Herrerasaurus possess 
a subnarial foramen, but that of Herrerasaurus is much smaller 
(Fraser et al. 2002) and does not open at the ventral surface of the 
narial fossa as in most saurischians (Galton 1984b; Madsen 
1976a). Instead, it is placed on the lateral surface of the skull, at 
the lower end of the premaxilla-maxilla contact, almost forming 
a row with the nutrient foramina of these bones. In addition, 
above its subnarial foramen Herrerasaurus bears a premaxilla- 
maxilla fenestra (Sereno and Novas 1993) piercing the skull to 
the premaxillary palate, a feature suggested to represent an 
autapomorphy of the taxon (Sereno and Novas 1993). No 
other basal dinosaur is known to possess such a structure, but 
similar apertures are seen in crurotarsan archosaurs (Gower 
2000). In Eoraptor the toothless and concave ventral margin of 
the premaxilla-maxilla contact forms a subnarial gap below 
the subnarial foramen (fig. 2.21). A similar condition is seen in 
coelophysoid theropods (Rowe 1989) and has also been de- 
scribed for Alwalkeria. The robust maxilla of Herrerasaurus pos- 
sesses a convex cranial margin and a tapering caudal ramus, 
whereas that of Eoraptor is thinner and has a clear rostroventral 
projection. Its lateral surface bears a well-developed ridge be- 
tween the antorbital fenestra and the row of nutrient foramina 
that is not evident in Herrerasaurus and Alwalkeria. For its ro- 
bustness and general morphology (tapering caudal ramus) the 
large isolated maxilla attributed to Aliwalia resembles that of 
Herrerasaurus more than it does that of other basal saurischians. 
It lacks any clear dinosaur synapomorphies, however, and can- 
not be safely assigned to the group. The maxillary antorbital 
fossa of Eoraptor, as well as, apparently, that of Alwalkeria, is 
much larger than that of Herrerasaurus. 

The nasals of basal saurischians are elongate, accounting for 
about half the length of the skull. Each of those of Eoraptor 
contributes to the dorsal margin of the antorbital fenestra and 
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possesses a caudolateral process that envelops part of the rostral 
ramus of the lacrimal. In contrast, the lateral margin of each 
nasal of Herrerasaurus is straight and completely separated from 
the antorbital fenestra by projections of maxilla and lacrimal. 
The lateral margin of the lacrimal of both Eoraptor and Herrera- 
saurus folds over the caudodorsal portion of the antorbital fen- 
estra. The lacrimal of Eoraptor is L-shaped, with a long, vertical 
ventral ramus, whereas that of Herrerasaurus is short and inclined. 
The supratemporal fenestra of Herrerasaurus forms a deep fossa 
excavating frontal, postorbital, and parietal. The parietal wings 
are directed caudolaterally and slightly ventrally and articulate 
to the dorsal borders of supraoccipital and paroccipital processes. 
Sclerotic plates have been reported for Herrerasaurus (Sereno and 
Novas 1993) but not for Eoraptor, which bears large orbits. In fact, 
if the latter does not represent a juvenile trait, as suggested by 
Bonaparte (1996b), it might be the single autapomorphic trait 
of Eoraptor recognized so far, the original diagnosis of which 
(Sereno et al. 1993) includes only features of broad distribution 
among basal saurischians. The caudal ramus of the jugal is 
forked in both Eoraptor and Herrerasaurus. That of Eoraptor has, 
however, a more concave ventral margin, which projects the 
craniomandibular joint well below the maxillary tooth line. The 
jugal of Herrerasaurus has a marked lateral ridge, and its expand- 
ing cranial ramus forms the caudoventral corner of the ant- 
orbital fenestra, preventing a lacrimal-maxilla contact. In Eo- 
raptor, on the other hand, the lacrimal contacts the maxilla at 
the caudoventral corner of the antorbital fenestra. In Her- 
rerasaurus the squamosal possesses a short subquadratic ventral 
process that expands cranially into the infratemporal fenestra 
but does not contact the quadratojugal. Such a subquadratic 
process is not seen in the squamosal of Eoraptor, which might 
contact the quadratojugal. The quadratojugal of Herrerasaurus 
bears a medially deflected ventral portion that covers the 
quadrate caudally but does not contribute to the jaw joint. A 
quadrate foramen laterally bound by the quadratojugal is seen 
in both Eoraptor and Herrerasaurus. In Herrerasaurus the quadrate 
forms a smooth articulation for the paroccipital process and a 
transversally broad ventral articulation for the lower jaw. 

In the palate of Herrerasaurus the vomers form a vertical me- 
dian plate on the rostral part of the skull. The pterygoids are lat- 
erally constricted in their rostral part, where they form a verti- 
cally expanded symphysis, contacting the vomers rostrally and 
the palatines laterally. Caudally, each pterygoid slopes laterally, 
forming a broad palate that receives the ectopterygoid and forms 
the medial border of the postpalatine fenestra. Caudal to this, 
the quadrate ramus projects caudolaterally to meet the epiptery- 
goid, quadrate, and basisphenoid. The palatine possesses a de- 
pressed dorsal surface and forms the palate between the choanae 
and the postpalatine fenestra. The ectopterygoid is a simple 
structure bridging the gap between the jugal and pterygoid. Its 
medial margin is slightly expanded and overlaps the pterygoid. 
As described by Sereno and Novas (1993), the ventral surface of 
the ectopterygoid of Herrerasaurus is not exposed, and the pres- 
ence of a ventral recess cannot be confirmed. Such a structure is, 
however, apparently found in Eoraptor (Sereno et al. 1993). 

The laterosphenoid of Herrerasaurus is set ventral to the 
parietal and rostral to the prootic, and its smooth rostral tip 
articulates to the frontal and postorbital. The long and narrow 
parasphenoid process extends rostrally between the pterygoid 
palates. It joins the body of the basisphenoid between the 
basipterygoid processes, which project rostroventrally and 
slightly laterally from a central depression in the ventral sur- 
face of the bone. The basisphenoid-basioccipital contact forms 
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FIGURE 2.2. Skull and mandible. A-E, Herrerasaurus ischigualastensis: A-C, skull in A, lateral, B, dorsal, and C, caudal aspects; D, lateral aspect of 
braincase; E, left mandible in lateral aspect. F-G, Herrerasaurus ischigualastensis (= Frenguellisaurus ischigualastensis): F, skull (preserved parts in gray); 
G, mandible. H, I, Eoraptor Iunensis: H, skull in right lateral aspect; I, right distal premaxillary and mesial maxillary teeth in lateral aspect (reversed). 
J, K, Staurikosaurus pricei: left mandibular ramus in J, medial, and K, lateral aspects. Scale = 5 cm (A-E, H, J, K), 10 cm (F, G), 1 cm (I). (A-E after Sereno 
and Novas 1993; F, G, after Novas 1986; H, I, after Sereno et al. 1993; J, K, after Colbert 1970.) 


large basal tubera. The basioccipital forms the occipital condyle 
together with the exoccipitals, which are co-ossified to the 
opisthotics and bear articular facets for the proatlas on the bor- 
der of the foramen magnum. Each opisthotic has two ridges on 
its lateral surface that separate the carotid canal rostrally, the 
foramen for the cranial nerve XII caudally, and the otic apertures 
in the middle. Each paroccipital process is directed caudo- 
laterally and slightly ventrally. Together with each parietal 
wing and the supraoccipital it forms a fissurelike posttemporal 
fenestra that possibly serves the exit of the occipital ramus of 
the ophthalmic artery. The triangular supraoccipital bears a 
marked median ridge and is lodged between the parietal wings. 
Aslender stapes extends ventrolaterally from the fenestra ovalis. 

The dentary of most basal saurischians occupies a little more 
than half the length of each mandibular ramus (fig. 2.2E, G, H, 
kK). In most basal saurischians, including Herrerasaurus and Stau- 
rikosaurus (fig. 2.2J), the dentary symphysis is restricted to the 
distal end of the bone. In Alwalkeria, however, it is more caudally 
extended than that of any other known basal dinosaur, even 
surpassing the characteristic symphyseal elongation of basal 
ornithischians (Sereno 1991b). In Herrerasaurus the dentary is 
covered medially by the splenial and forks caudally to envelop 
the external mandibular fenestra, which is longer in that taxon 
than in Staurikosaurus or Eoraptor. The caudoventral process of the 
dentary of Herrerasaurus overlaps the angular laterally, while the 
caudodorsal process, which is T-shaped in cross section, fits into 
a smooth slot in the surangular to form a movable articulation. 
As in most archosaurs (Walker 1961, 1964), the rostral ramus 
of the angular penetrates between dentary and splenial, but in 
Herrerasaurus its lateral and medial surfaces are polished for a 
sliding articulation with these bones. The three movable artic- 
ulations mentioned above form the well-developed intra- 
mandibular joint of Herrerasaurus. In Staurikosaurus, despite the 
poor preservation of its lower jaw, it is possible to recognize a 
similar movable joint system, as indicated by the sliding articu- 
lation between the tonguelike rostral process of the angular and 
a smooth ventral groove on the caudal process of the splenial. 
Eoraptor, on the other hand, lacks any evidence of an intra- 
mandibular joint. In Herrerasaurus the ventral portion of the 
surangular is overlapped by the angular, and its caudal portion 
forms the lateral part of the craniomandibular articulation. The 
prearticular lies on the internal side of the mandible. It forms 
the ventral margin of the adductor fossa and the caudal margin 
of the internal mandibular fenestra. The articular forms the 
medial part of the jaw articulation and bears an expanded me- 
dial prong that is also seen in Staurikosaurus. 

Herrerasaurus has 4 premaxillary, 17-18 maxillary, and about 
16 dentary teeth, all of which are serrated, laterally compressed, 
and caudally curved. The middle portion of the maxillary series 
bears long caniniform teeth (fig. 2.2F). Similarly large, serrated, 
and laterally compressed teeth are seen in the maxilla assigned 
to Aliwalia, whereas the poorly preserved mandibular teeth of 
Staurikosaurus are like those of other carnivorous taxa. The up- 
per jaw of Eoraptor, on the other hand, has a heterodont denti- 
tion composed of 4 premaxillary and 18 maxillary teeth. Pre- 
maxillary and rostral maxillary teeth are lanceolate, resembling 
those of basal sauropodomorphs. Distal maxillary teeth are 
shorter and caudally curved, as is usual for theropods. A simi- 
lar arrangement is seen in basal sauropodomorphs (Gauffre 
1993a; Langer et al. 1999b), as well as in Alwalkeria, in which 
the tooth crowns from the rostral part of the jaws are slender, 
while more distal teeth elements are distally curved. Unlike those 
of all other basal dinosaurs, however, the teeth of Alwalkeria lack 
serration. 
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Postcranial Skeleton 


AXIAL SKELETON 


Although no complete vertebral series is known for basal 
saurischians, their axial anatomy is well known based on some 
well-preserved specimens. This is the case with Staurikosaurus 
and especially Eoraptor, almost the entire vertebral columns of 
which have been found. For Herrerasaurus only partial vertebral 
series are known, and the vertebral column is the least under- 
stood part of its osteology. Its cervical-dorsal transition and the 
cranial half of the dorsal series in particular are not well known, 
and it is not possible to determine the number of presacral ver- 
tebrae. For both Eoraptor and Staurikosaurus, on the other hand, 
a count of 24 presacral elements, 9-10 of them corresponding 
to cervical vertebrae, has been suggested (Galton 1977a; Sereno 
et al. 1993; Novas 1997a). This can be assumed for basal 
saurischians in general, the number of whose sacral elements 
varies between 2 and 3. Herrerasaurus and Staurikosaurus have 
been reconstructed with about 50 caudal vertebrae, but the tail 
of Eoraptor was apparently shorter, with little more than 40 ver- 
tebrae (Novas 1997a). In addition, incomplete portions of the 
vertebral column are known for Alwalkeria, Chindesaurus, 
Guaibasaurus, Saltopus, and Spondylosoma. 

The proatlas of Herrerasaurus (fig. 2.3A) is transversely com- 
pressed and bears a thin ventral margin. The subcircular odon- 
toid process (the atlantal centrum) is fused to the axis and fits 
into a pit in the occipital condyle. The articular facet for the oc- 
cipital condyle in the atlantal intercentrum is cup-shaped and 
faces craniodorsally. Caudally the bone has lateral depressions 
for a pair of single-headed ribs. The atlantal neural arches have 
long epipophyses projecting caudal to the postzygapophyses. 
The axial centrum is fused to its intercentrum and neural arches 
(fig. 2.3A) and bears low parapophyses and diapophyses for the 
articulation of double-headed ribs. The intercentrum is much 
broader than the centrum, and its articulation for the atlantal 
intercentrum is markedly concave. The neural arches form a 
broad neural canal and have short and broad prezygapophyses, 
between which the neural spine projects slightly (fig. 2.3B). The 
caudal portion of the neural spine is divided into two laminae, 
which are continuous to the epipophyses. 

The postaxial cranial cervical vertebrae (3-6) of basal sauris- 
chians (figs. 2.3C, J; 2.4D) are elongate, and their centra are 
usually about 25% longer than those of the axis and/or cranial 
dorsal vertebrae. In Staurikosaurus the putative third cervical 
vertebra (Galton 1977a) is the longest, while in Herrerasaurus the 
length of the centra increases between cervical 3 and 6 (Sereno 
and Novas 1993). The parapophyses are always set on the cranio- 
ventral corner of the centrum, while the diapophyses change 
their position along the series. In the third cervical of Her- 
rerasaurus these diapophyses form faint ridges on the cranial 
portion of the vertebra, while in more caudal elements of Her- 
rerasaurus, Eoraptor, and Staurikosaurus they project as ventro- 
laterally directed flanges overhanging the centrum laterally. 
Ridgelike epipophyses are present in postaxial cranial cervical 
vertebrae of Herrerasaurus, Staurikosaurus, Eoraptor, and Spondy- 
losoma and are more developed in the most cranial elements. 
Those of Herrerasaurus are, however, much more elongate and 
project caudal to the postzygapophyses. Epipophyses are also 
present in the caudal cervical vertebrae (7-9) of Herrerasaurus 
and Eoraptor. In most basal saurischians these vertebrae are not 
significantly longer than the cranial dorsal elements (fig. 2.3K). 
Their parapophyses and diapophyses are displaced caudally and 
dorsally in relation to the position in cranial cervical vertebrae. 
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FIGURE 2.3. Vertebral column. A-I, Herrerasaurus ischigualastensis: A, atlas and axis in lateral aspect; B, axis in dorsal aspect; C, third cervical verte- 
bra in lateral aspect; D, mid-dorsal vertebra in lateral aspect; E, caudal dorsal series in lateral aspect; F, G, sacrum in F, dorsal, and G, lateral (with 

an outline of the ilium) aspects; H, proximal caudal vertebra in lateral aspect; I, most distal tail vertebrae in lateral aspect. J-O, Staurikosaurus pricei: 
lateral aspect of J, cranial cervical vertebrae; K, caudal cervical and cranial dorsal vertebrae; L, caudal dorsal vertebrae; M, sacral vertebrae 1 and 2; 
N, proximal caudal vertebrae; and O, most distal caudal vertebrae. Scale = 1 cm (A-D), 5 cm (E-O). Nonpreserved portions in gray. (A-C after Sereno 
and Novas 1993; D-I after Novas 1994; J-O after Galton 1977a.) 
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FIGURE 2.4. Vertebral column. A-C, Guaibasaurus candelariensis: A, B, mid-dorsal neural arch in A, lateral, and B, ventral aspects; C, proximal 
caudal vertebra and chevron in lateral aspect. D-G, Alwalkeria maleriensis: lateral aspect of D, cervical, E, F, dorsal, and G, caudal vertebrae. 
Scale = 2 cm (A-C), 1 cm (D-G). Nonpreserved portions in gray. (A-C after Bonaparte et al. 1999; D-G after Chatterjee 1987.) 


The parapophyses are usually set on the cranial end of the neuro- 
central joint, whereas the diapophyses project laterally, and ro- 
bust laminae radiate from them. An exception is Eoraptor, none 
of whose 24 presacral vertebrae show marked lamination. 

Dorsal vertebrae of all basal saurischians (figs. 2.3D, E, K, L; 
2.4A, B, E, F) bear hyposphene-hypantrum auxiliary articula- 
tions. The parapophyses are placed on the cranial part of the 
neurocentral junction in more cranial elements. However, in 
more caudal vertebrae each of them is displaced caudodorsally 
along the lamina that links the cranioventral corner of the neu- 
ral arch to the diapophysis until it merges to the diapophysis in 
the most caudal elements. The diapophyses are dorsally placed 
and project laterally. They are linked by robust laminae to the 
pre- and postzygapophyses and to the cranio- and caudoventral 
corners of the neural arches. These laminae define deep cranial, 
medial, and caudal chonoe (Welles 1984), which are characteris- 
tic of most basal saurischians. Exceptions are Eoraptor and Guai- 
basaurus, whose dorsal vertebrae lack precentroparapophyseal 
laminae. Most dorsal vertebrae of Herrerasaurus possess a certain 
degree of axial compression. This compression is such that the 
last dorsal vertebra is placed between the iliac preacetabular 
processes and its transverse processes articulate to the dorsal sur- 
face of the first sacral transverse processes. A less extreme version 
of this compression is seen in Staurikosaurus but not in other 
basal saurischians such as Eoraptor, Guaibasaurus, and Alwalkeria. 
In Eoraptor the neural spines of the caudal dorsal vertebrae are 
often axially expanded (Novas 1997), and those at the dorsal- 
sacrum transition bear well-developed spine tables. Spine tables 
are also present in the dorsal-sacrum transition of Herrerasaurus 
but not in Staurikosaurus. Double-headed ribs are present in the 
dorsal series of Herrerasaurus, and remains of a gastralia have also 
been reported for that taxon (Novas 1993). 

Basal saurischians represent a transitional group in terms 
of sacral anatomy (fig. 2.3F, G, M). Some taxa retain the two- 
vertebrae sacrum of more basal archosaurs, whereas other forms 
have dorsal and/or caudal vertebrae incorporated into the sacral 
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series, approaching the condition of theropods and sauropodo- 
morphs. However, in no basal saurischian are the sacral verte- 
brae fused together. Herrerasaurus has only two sacral elements, 
the first of which is as axially compressed as the last dorsal verte- 
brae, while the second element is longer. In other basal saurischi- 
ans, including Staurikosaurus, Spondylosoma, and Chindesaurus, 
none of the sacral vertebrae are axially shortened. In these forms 
the ribs of the two main sacral elements are L-shaped and deep, 
together forming a U-shaped structure that strongly articulates to 
the ilium. In Herrerasaurus the transverse processes are fused 
to the ribs in both sacral vertebrae, forming a complex structure 
fused to the ilium. In lateral aspect this structure is C-shaped in 
the first sacral vertebra, while that of the second element is al- 
most its mirror image. Together they enclose the space between 
the ilium and the articulation of the two sacral centra, whose 
only external communication is through dorsal and ventral fen- 
estrae. In dorsal aspect the transverse processes of Herrerasaurus 
are fan-shaped, expanding over the whole dorsomedial surface 
of the ilium. The two-vertebrae sacrum of Saltopus has similar 
fan-shaped transverse processes, but its ribs are not as deep as 
those of most basal saurischians. Among the basal saurischians 
with three sacral vertebrae Eoraptor possesses a dorsosacral ele- 
ment (Sereno et al. 1993), while a caudal vertebra has been added 
to the sacrum of Staurikosaurus, Guaibasaurus, and Spondylosoma. 
However, only in Staurikosaurus can this condition be clearly 
determined. Contra Galton (1977a), the vertebra caudal to the 
two main sacral elements has a robust transverse process that 
attached to the ilium, as indicated by a medial scar on the cau- 
dal rim of the postacetabular process of the bone. 

Regarding the caudal vertebrae of basal saurischians (figs. 
2.3H, I, N, O; 2.4C, G), the most cranial element of Herrerasaurus 
is axially compressed. Like the most caudal dorsal vertebra, it fits 
between the ilia, but its transverse processes are laterodistally 
directed and do not touch either the postacetabular process of 
those bones or the transverse processes or ribs of the second 
sacral. The neural spines of the most cranial tail vertebrae of 


Staurikosaurus and Herrerasaurus are neatly vertical, while those 
of Guaibasaurus and Eoraptor are more distally oriented. More 
distal tail vertebrae are usually longer, but the extreme elonga- 
tion seen in the midcaudal elements of Saltopus is not seen in 
any basal saurischian. In Herrerasaurus and Staurikosaurus the 
vertebrae of the rear of the tail have long prezygapophyses that 
overlap more than a quarter of the preceding centrum. Slightly 
elongate prezygapophyses are apparently also seen in Eoraptor 
(Sereno, pers. comm.) but not in Alwalkeria and Chindesaurus. 
The chevrons are proximally forked in Herrerasaurus but bear 
fused condyles in Guaibasaurus. 


APPENDICULAR SKELETON 


Among basal saurischians Eoraptor and Herrerasaurus have well- 
known appendicular skeletons. In addition, fragmentary por- 
tions of the pectoral girdle and/or forelimb of Guaibasaurus, 
Staurikosaurus, Saltopus, Agnosphitys, and Spondylosoma have also 
been excavated. The pelvic girdle and hindlimb of Guaibasaurus 
and Staurikosaurus are reasonably well known, and less complete 
remains of these elements are known for most other taxa dis- 
cussed here. 

The pectoral girdle of basal saurischians (fig. 2.5A, B) is 
formed of a co-ossified scapulocoracoid; no dermal elements 
have yet been recovered. The scapular blade of Herrerasaurus is 
strap-shaped, and only a subtle dorsal expansion is seen. The 
scapular blade forms an angle of about 90° with the dorsal mar- 
gin of the acromion, a feature that is unique to this taxon. The 
scapular blade of Guaibasaurus is also long and slender, while 
that of Eoraptor is short and broad. Although not strong, their 
dorsal expansion is more substantial than that of the scapular 
blade of Herrerasaurus. The identification of the pectoral girdle 
and forelimb bones in Staurikosaurus and Spondylosoma is con- 
troversial (Galton 2000a), but their scapular blades are at least as 
dorsally expanded as that of Guaibasaurus. In Herrerasaurus and 
Guaibasaurus the ventral margin of the coracoid bears a caudal 
process that is separated from the glenoid by a notch. 

In both Herrerasaurus (fig. 2.5C-G) and Eoraptor the length of 
the forelimb is slightly less than half the length of the hindlimb. 
In Herrerasaurus the proximal portion of the humerus is con- 
cave craniomedially and has an unusual, possibly autapomorphic 
(Sereno 1994) prominent medial tuberosity separated from the 
head by a cleft. The deltopectoral crest is continuous to the head 
and extends for 40% of the humeral length (measured at the 
point of major distal inflection), as seen in Herrerasaurus. That 
of Eoraptor is slightly shorter, extending for about 35% of the 
total length of the bone. The deltopectoral crests of Saltopus and 
Spondylosoma are, however, shorter than those of all well-known 
basal dinosaurs. According to Sereno (1994), the distal humerus 
of Herrerasaurus is highly autapomorphic. The lateral epicon- 
dyle has a circular pit on its lateral surface, whereas the medial 
epicondyle bears prominent cranial and caudal depressions and 
is separated from the saddle-shaped lateral condyle by a shallow 
groove. The ulna of Herrerasaurus has a prominent olecranon 
process, as well as a concave facet for the radius proximally on 
the lateral surface. Its convex distal surface shows a sliding ar- 
ticular facet for the smaller, concave proximal surface of the 
ulnare. The radial shaft is sigmoid in cranial aspect and bears a 
medial crest (= biceps tuberosity). The carpus of Herrerasaurus is 
composed of two proximal (radiale and ulnare) and five distal ele- 
ments. The latter are the centrale, placed distally to the radiale- 
ulnare articulation, and distal carpals 1-4 (distal carpal 5 is 
apparently lost). Distal carpals 1-3 are small, and their distal ar- 
ticulations are no larger than the proximal surface of a medial 


metacarpal. Distal carpal 4 is larger and articulates to the ulnare, 
distal carpals 2 and 3, and metatarsals IV and V. 

The five-digit manus of Eoraptor and Herrerasaurus is more 
than half as long as the humerus plus the radius. Metacarpal II 
is the longest (as is digit III), and those medial to it are succes- 
sively shorter. Extensor depressions are present in metacarpals 
I-III. Metacarpal I is slightly broader than the others, and that of 
Eoraptor is stouter than that of Herrerasaurus. Its lateral distal 
condyle, and to a lesser degree that of metacarpal H, expands 
farther distally than the medial condyle. Metacarpals IV and V 
are strongly reduced in both Eoraptor and Herrerasaurus. Those 
of Herrerasaurus are set on the palmar surface of metatarsals III 
and IV, respectively, while in Eoraptor they are mainly lateral to 
metatarsals III and IV. The nonungual phalanges of the func- 
tional digits (I-III) of both Herrerasaurus and Eoraptor distally 
bear ginglymoid condyles, collateral ligament pits, and dorsal 
extensor depressions. For Herrerasaurus the phalangeal formula 
of those digits is 2-3-4, and their penultimate phalanges are 
elongate, exceeding the length of the preceding metacarpal or 
phalanx. In Eoraptor this condition is not so clear, as indicated 
by the longer phalanx 1 of digit II. The unguals of Herrerasaurus 
are large, strongly curved, and transversely compressed, a con- 
dition not approached by those of Eoraptor. The single phalanx 
of digit IV of Eoraptor and Herrerasaurus is merely a spur of bone, 
while digit V lacks phalanges altogether. 

The pelvis of basal saurischians (fig. 2.6) usually has a deep 
and robust ilium bearing a short preacetabular process. The 
process does not exceed the cranial projection of the pubic pe- 
duncle, which, contra Huene (1910a), is also the case in Saltopus. 
In addition, in forms such as Herrerasaurus, Staurikosaurus, and 
Chindesaurus the preacetabular process has a truncated and ru- 
gose cranial border that probably allocated the origin of M. ili- 
otibialis cranialis (= avian M. sartorius, Vanden Berge and 
Zweers 1993). From that attachment area a robust lateral ridge 
extends caudoventrally, bordering the caudal margin of the 
preacetabular embayment, to reach the craniodorsal border 
of the acetabulum. The length of the postacetabular process, on 
the other hand, varies among basal saurischians. In Eoraptor and 
Staurikosaurus it is remarkably short, whereas in Guaibasaurus 
and Chindesaurus it is rather long, and in Herrerasaurus it is in- 
termediate between those two. In Herrerasaurus and Stauriko- 
saurus M. caudofemoralis brevis originates from a mainly verti- 
cal area on the ventrolateral surface of the postacetabular 
process, bounded dorsally by the faint brevis shelf and ventro- 
medially by the ventral margin of the bone. In other basal 
saurischians, including Eoraptor and Guaibasaurus. M. caudo- 
femoralis brevis originates from a more lateromedially ex- 
panded concave area (the brevis fossa). This fossa is bounded 
medially by the ventral margin of the postacetabular process 
(equivalent to the medial blade sensu Currie and Zhao 1993a) 
and laterally and dorsally by a marked lateral ridge (the spine 
sensu Welles 1984) that is homologous to the brevis shelf of 
Staurikosaurus and Herrerasaurus. In addition, the ridge on the 
medial surface of the ilium of Chindesaurus does not mark 
the medial margin of the brevis fossa. Instead, it dorsally 
bounds the articulation area of the caudal sacral vertebrae, as 
in Herrerasaurus and basal sauropodomorphs (Young 1942a; 
Benton et al. 2000b; Galton 2000a). A well-developed supra- 
cetabular crest is seen in most basal saurischians, and that of 
Eoraptor extends farther through the postacetabular process, to 
connect to the dorsolateral margin of the brevis fossa. In most 
basal saurischians the acetabulum is semiperforated, but that 
of Guaibasaurus is almost fully closed. The pubic peduncle of 
basal saurischians is usually long, and there is a marked ventral 
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FIGURE 2.5. Pectoral girdle and forelimb. A, Herrerasaurus ischigualastensis, left scapulocoracoid in lateral aspect. B, Guaibasaurus candelariensis, 
partial left scapulocoracoid in lateral aspect. C-G, Herrerasaurus ischigualastensis: C, left humerus in caudal aspect; D, left humerus of Herrerasaurus 
ischigualastensis (formerly Ischisaurus cattoi) in caudal aspect; E, left radius and ulna in cranial aspect; F, G, left carpus and manus in F, lateral, and G, 
cranial aspects. Scale = 5 cm (A, E-G), 4 cm (B, C), 3 cm (D). Nonpreserved portions as in fig. 2.3. (A after Sereno 1994 and Brinkman and Sues 1987; 


B after Bonaparte et al. 1999; C, E-G, after Sereno 1994; D after Reig 1963.) 


expansion in Staurikosaurus and Chindesaurus. The ischial pe- 
duncle is shorter and vertically oriented, except in Eoraptor, in 
which it is well expanded caudally. 

In most basal saurischians the pubis possesses a knoblike 
ambiens process on the proximolateral surface of the bone. The 
obturator process is short and composed of a thin medial lam- 
ina that forms the proximal part of the pubic symphysis. The 
pubic shaft of these dinosaurs, on the other hand, is rather dis- 
tinct from one another, and that of Herrerasaurus is unique. The 
robust lateral margin of its retroverted pubis is caudally folded, 
and the cross section of the joint shafts is U-shaped. The folding 
is more extreme at the distal end of the bone, forming a bootlike 
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expansion that is markedly compressed in cranial aspect. This 
condition is approached by the pubis of Staurikosaurus, the dis- 
tal part of whose lateral margin is also caudally folded, but not 
to the extreme seen in Herrerasaurus. In addition, the pubis of 
Staurikosaurus is distinctive among basal dinosaurs because of a 
marked bevel on its mediodistal corner (Novas 1993). In Eo- 
raptor and Chindesaurus the pubis is less modified, with no sign 
of the caudal folding of the lateral margin. In most basal 
saurischians the acetabular margin of the ischium bears a well- 
defined antitrochanter that continues dorsally onto the ilium 
(Novas 1996a; Fraser et al. 2002). Ventrally the obturator process 
is composed of a medioventral lamina that extends along the 
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FIGURE 2.6. Pelvis. A-D, Herrerasaurus ischigualastensis: right pelvis in A, left lateral, and B, cranial aspects; right ilium 
(reversed) in C, medial, and D, caudal aspects. E-F, Staurikosaurus pricei: E, pelvis in left lateral aspect; F, right pubis (reversed) 
in cranial aspect. G-H, Guaibasaurus candelariensis: G, partial right pubis (reversed) in cranial aspect; H, partial right (reversed) 
pelvis in lateral aspect. I, J, Chindesaurus bryansmalli: right ilium (reversed) in I, lateral, and J, medial aspects. Scale = 5 cm (A-C, 
E, I, J), 2 cm (D, F), 4 cm (G, H). Nonpreserved portions in gray. (A-C, F, after Novas 1993; D after Novas 1992a; E after Colbert 
1970; G, H, after Bonaparte et al. 1999; I, J, after Long and Murry 1995.) 


fhmt 
fet 
fdlt fhis We fit 
fté fhis 
ffaa fts 
4 ft — 
cfif - 
fAt fcril 
fdms ffc 
flc fmc 
E — 
B Cc 
fmc 
fdlt itt 
fdlt | 
fhis 
fifi 
l —_—_—— i 
ffc 
fmc 
J flc 
F G H 


FIGURE 2.7. Femur. A-E, Herrerasaurus ischigualastensis: tight femur in A, lateral, B, medial, C, cranial, D, proximal, and E, distal aspects. 
F-J, Staurikosaurus pricei: left femur (reversed) in F, lateral, G, medial, H, cranial, I, proximal (with an outline of the distal end), and J, distal 
aspects. Scale = 5 cm (A-C, F-J), 2.5 cm (D, E). (A-E after Novas 1993; F-J after Galton 1977a.) 


proximal third of the bone to form the proximal part of the sym- 
physis. The rodlike ischial shaft forms the rest of the symphysis 
and bears no sign of medioventral lamination. Its cross section is 
subtriangular in Herrerasaurus and Guaibasaurus but more 
rounded in Staurikosaurus and Eoraptor. The actual length of the 
ischium is not known for Herrerasaurus (drawings in Reig 1963 
and Novas 1993 are reconstructions), but its distal end bears a 
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marked lateral knob, possibly for the insertion of the caudal 
branch of M. flexor tibialis internus. The distal end of the is- 
chium is not expanded in Herrerasaurus, Staurikosaurus, or Eo- 
raptor, but a clear expansion is present in Guaibasaurus. 

The femur of basal saurischians (figs. 2.7, 2.8) does not 
have a completely inturned head and its long axis forms an 
angle of about 45° to the transverse axis of the distal end of the 
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FIGURE 2.8. Femur. A-C, Guaibasaurus candelariensis: partial right femur in A, medial, B, cranial, and C, lateral aspects. D, E, Alwalkeria maleriensis: 
left femur (reversed) in D, caudal, and E, medial aspects. F-J, Chindesaurus bryansmalli: right femora in F, lateral, G, medial, H, cranial, I, proximal, 

and J, distal aspects. K-M, Aliwalia rex, proximal left (reversed) femur in K, lateral, L, cranial, and M, medial aspects. Scale = 4 cm (A-C), 3 cm (D, E), 
2 cm (F-J), 5 cm (K-M). Nonpreserved portions in gray. (A-C after Bonaparte et al. 1999; D, E, after Chatterjee 1987; F-J after Long and Murry 1995; 


K-M after Galton 1985a.) 


bone. A longitudinal groove (fossa trochanteris) is seen on the 
proximal femoral surface of several of these forms, including 
Staurikosaurus, Alwalkeria, and some specimens of Herrera- 
saurus. In other specimens of Herrerasaurus, as well as in Chinde- 
saurus, this structure is obscured by the extreme expansion of 
facies articularis antitrochanterica. In most basal saurischians 
the iliofemoral musculature (Rowe 1986) has a sigmoid inser- 
tion on the proximolateral surface of the femur. In Herrera- 
saurus the cranial part of this insertion is occupied by a knoblike 
cranial trochanter, while its caudal part is raised to form a 
trochanteric shelf. In Eoraptor a protrusive cranial trochanter is 


present, but only a faint scar composes the caudal part of that 
muscle insertion. A more extreme condition is autapomorphic 
for Guaibasaurus, in which no sign of muscle attachment is seen 
caudal to the knoblike cranial trochanter. Staurikosaurus also 
bears a sigmoid scar for the iliofemoral musculature, but this is 
not raised to form either a cranial trochanter or a trochanteric 
shelf. A raised sigmoid insertion for the iliofemoral muscula- 
ture is seen in Saltopus, while the ridgelike cranial trochanter of 
Aliwalia is more similar to those of basal sauropodomorphs. 
Bonaparte et al. (1999) described a dorsolateral trochanter in 
Guaibasaurus that probably corresponds to the insertion of a 
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FIGURE 2.9. Crus. A-C, Herrerasaurus ischigualastensis: A, B, left tibia in A, cranial, and B, lateral aspects; C, left fibula in medial aspect. D, E, Stauriko- 
saurus pricei: left tibia in D, lateral, and E, cranial aspects. F, G, Guaibasaurus candelariensis: F, right tibia and fibula (reversed) in cranial aspect; 

G, cross section on the distalmost portion of a right (reversed) tibia (arrow points cranially). H, I, Herrerasaurus ischigualastensis: left tibia in H, proxi- 
mal, and I, distal aspects. J, K, Staurikosaurus pricei: left tibia in J, proximal, and K, distal (with an outline of the proximal end) aspects. L-N, Chinde- 
saurus bryansmalli: L, M, right tibia (reversed) in L, proximal, and M, distal aspects; N, distal end of right tibia (reversed) in cranial aspect. Scale = 5 cm 
(A-E, J, K), 2.5 cm (H, I), 4 cm (F), = 1 cm (G). Nonpreserved portions in gray. (A-C, H, I, after Novas 1993; D, E, J, K, after Galton 1977a; F, G, after 


Bonaparte et al. 1999; L-N after Long and Murry 1995.) 


branch of M. iliotrochanterici (Rowe 1986). This muscle scar is 
also present in Herrerasaurus and is homologous to the ridge 
identified by Galton (1977a) as the cranial trochanter of Stauriko- 
saurus. In both Herrerasaurus and Guaibasaurus a cranial inter- 
muscular line extends distally from the cranial trochanter and 
probably separated two branches of M. femorotibialis. Accord- 
ingly, contra Novas (1993), the presence of this feature is not 
considered autapomorphic for Herrerasaurus. The fourth tro- 
chanter of most basal saurischians is semipendent, with the dis- 
tal border forming a step angle to the shaft. This condition is 
seen in Herrerasaurus, Eoraptor, Aliwalia, and Alwalkeria, whereas 
in Guaibasaurus, Staurikosaurus, and Chindesaurus the distal mar- 
gin of the fourth trochanter slopes gently onto the femoral 
shaft. In Herrerasaurus a subcircular muscle scar is seen on the 
craniolateral corner of the distal femur. A similar muscle scar is 
seen in Saturnalia, as well as in some crurotarsans (Sill 1974), 
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and it might correspond to the insertion of an ansa of M. ilio- 
fibularis (see Vanden Berge 1975). In all basal saurischians except 
Aliwalia the intercondylar sulcus does not extend onto the 
craniodistal surface of the femur. 

The crus of basal saurischians (fig. 2.9) is approximately the 
same length as the femur. Exceptions are Herrerasaurus, in which 
the crus is significantly shorter, and Saltopus, in which the con- 
trary is the case. The tibia of most basal saurischians bears a ro- 
bust but not proximally expanded cnemial crest. The proximal 
condyles are placed at the caudal margin of the bone, separated 
by a faint concavity. In Herrerasaurus the distal articular facet of 
the tibia is subquadratic, whereas that of Staurikosaurus is sub- 
circular, a feature that is autapomorphic for the taxon. In Eo- 
raptor and Guaibasaurus the distal tibia is significantly broader 
than long. In addition, the distal tibia of Guaibasaurus possesses 
other features that are peculiar among basal saurischians, such 
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FIGURE 2.10. Tarsus and pes. A-G, Herrerasaurus ischigualastensis: A-C, left astragalus in A, proximal, B, caudal, and C, lateral aspects; D, right 
(reversed) calcaneum in distal aspect of Herrerasaurus ischigualastensis (formerly Ischisaurus cattoi); E, right (reversed) lateral distal tarsal in distal as- 
pect; F, proximal outline of right (reversed) metatarsals (arrow points cranially); G, right (reversed) pes in cranial aspect. H, I, Guaibasaurus candelar- 
iensis: H, left astragalus and calcaneum in cranial aspect; I, left foot in cranial aspect. J, K, Chindesaurus bryansmalli: right (reversed) astragalus in J, 
cranial, and K, lateral aspects. L-O, Alwalkeria maleriensis: left astragalus in L, cranial, M, caudal, N, distal, and O, proximal aspects. Scale = 1 cm 
(A-D), 2.5 cm (E-F), 5 cm (G), 1 cm (H, L-O), 4 cm (I), 2 cm (J, K). Nonpreserved portions in gray. (A-D after Novas 1989; G after Novas 1993; H, I, 
after Bonaparte et al. 1999; J, K, after Long and Murry 1995; L-O after Chatterjee 1987.) 


as a craniomedial corner that forms an acute angle and a medial 
border that is broader than the lateral. In all basal saurischians 
the tibia possesses a well-defined descending process that fits 
caudal to the ascending astragalar process. Those of Herrera- 
saurus and Staurikosaurus are short and broad and do not extend 
laterally. In Eoraptor, Chindesaurus, and Guaibasaurus the de- 
scending process forms a small postfibular wing. The fibula of 
basal saurischians is slender and transversely compressed. In 
Herrerasaurus the medial surface of its proximal portion bears 
ridges for articulation with the tibia, while in Guaibasaurus the 
insertion of M. iliofibularis inflects its shaft laterally. 

The tarsus of basal saurischians (fig. 2.10A-E, H, J-O) com- 
prises two proximal (astragalus and calcaneum) and two distal 
elements. The astragalus is a broad, subrectangular bone. It bears 
a flat medial articular surface for the tibia that continues to the 
broad, also proximally flat, craniolateral ascending process. In 
various members of the group a marked furrow is present on the 
cranial surface of the ascending process. Caudal to this process 
in forms such as Herrerasaurus, Agnosphitys, and Alwalkeria the 
descending tibial process articulates into a deep elliptical basin. 
In Guaibasaurus, on the other hand, this part of the bone is 


rather flat and continuous to the medial tibial articulation. In 
most basal saurischians the fibular articulation in the astragalus 
is small and divided by a notch for the calcaneal articulation. An 
exception is the astragalus of Alwalkeria, whose fibular articula- 
tion is larger than that of all other basal dinosaurs. The calca- 
neum of Herrerasaurus is a proximodistally flattened triradiate 
bone. It bears a marked caudal tuber, as well as a medial projec- 
tion that articulates ventrally to the astragalus. A slightly differ- 
ent condition is seen in Guaibasaurus, whose calcaneum retains 
a defined tuber and medial process but is also significantly 
compressed lateromedially. The medial distal tarsal of basal 
saurischians is flat and articulates to metatarsal III. The lateral 
element is deeper and subtriangular and articulates to meta- 
tarsal IV. The pes of basal saurischians (fig. 2.10G, I) has three 
weight-bearing digits (I-IV), of which digit metatarsal III is 
the longest. Metatarsals II and IV are approximately the same 
length, whereas digits I and V are reduced. An exception is Salto- 
pus, in which metatarsal IV is almost as long as metatarsal III. 
Metatarsal I articulates proximally to the tarsus in all basal 
saurischians, and its medial distal condyle projects farther dis- 
tally than the medial. In Herrerasaurus it lies partially on the 


BASAL SAURISCHIA 39 


cranial surface of metatarsal II, in an overlapping pattern that 
extends along the whole metatarsal series. Metatarsal IV has an 
L-shaped proximal outline, and metatarsal V articulates to its 
caudal surface. Extensor pits are seen in metatarsals II-IV, and 
only metatarsal V lacks distal ginglymoid condyles. The pedal 
phalangeal formula of Herrerasaurus is 2-3-4-5-1 (Novas 1993), 
whereas digit V of Guaibasaurus apparently lacks phalanges al- 
together. All nonterminal phalanges possess symmetrical ging- 
lymoid condyles, and most of them also bear deep collateral lig- 
ament pits and extensor ligament depressions. 


Systematics and Evolution 


A new phylogenetic study of early dinosaur evolution is pre- 
sented in this section. The monophyly of Dinosauria as defined 
by previous cladistic works (Gauthier 1986; Benton and Clark 
1988; Sereno et al. 1993; Novas 1996a) is an a priori assumption 
of the numerical analysis performed here, and basal dinosauro- 
morphs such as Lagerpeton, Marasuchus, and Pseudolagosuchus 
(Arcucci 1997) compose the hypothetical outgroup. 

Two nonsaurischian taxa are included in the analysis as 
part of the ingroup, namely, Pisanosaurus mertii (the oldest 
well-known ornithischian) and remaining ornithischians. The 
monophyly of this last group is supported by Sereno (1986, 
1999a). Other individual taxa of the ingroup include Eoraptor 
lunensis, Guaibasaurus candelariensis, Herrerasaurus ischigualas- 
tensis, and Staurikosaurus pricei. Still other taxa treated in the 
anatomical section of this chapter are too little known to be 
confidently included in the analysis. Accordingly, their phylo- 
genetic affinities are discussed afterward. 

Other taxa of the ingroup include Neotheropoda (sensu 
Sereno et al. 1994), whose monophyly is supported by most re- 
cent cladistic studies (Sereno 1999a, 1999b; Holtz 1998a; Rauhut 
2000a), and Sauropodomorpha. This last taxon comprises basal 
dinosaurs usually regarded as prosauropods, as well as basal 
sauropods, to the exclusion of Saturnalia, the only well-known 
Ischigualastian sauropodomorph-related dinosaur (Langer et 
al. 1999a, 1999b), which is treated separately. The monophyly 
of the clade including prosauropods and sauropods is supported 
by a series of previous phylogenetic studies (Gauthier 1986; 
Sereno 1999a, 1999b; Benton et al. 2000b). 

The cladistic analysis presented here is based on 107 ana- 
tomical characters, most of which were gathered from previous 
cladistic studies of Dinosauria (mainly Gauthier 1986; Sereno 
1986, 1999a; Sereno et al. 1993; Benton and Clark 1988; Benton 
1999; Novas 1989, 1992b, 1993, 1996a; Benton et al. 2000b; 
Holtz 1998a; Rauhut 2000a; Yates 2003). Some characters are, 
however, newly proposed here. The data matrix was analyzed 
using PAUP*4.0b4a (Swofford 2000). The branch-and-bound 
search option was employed, and all characters were weighted 
equally. Multistate characters were treated as “uncertainty,” and 
those in which one derived state (1) is transitional between the 
primitive (0) and a second derived state (2) were ordered (ex- 
cept in the case of character 76). A single most parsimonious tree 
was found (fig. 2.11). The robustness of each of its clades was as- 
sessed by bootstrapping (Felsenstein 1985) and using decay in- 
dexes (Bremer 1994). In addition, a double decay analysis 
(Wilkinson et al. 2000) was performed using PAUP and RadCon 
version 1.1.2 (Thorley and Page 2000, 2001), and leaf stability 
values were defined for each taxon, together with the average 
value for the entire tree. These values, together with the tree 
statistics, are given in figure 2.11A. 
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FIGURE 2.11. Early dinosaur evolution as depicted by the single most 
parsimonious tree found based on the analysis of 107 anatomical char- 
acters: A, values of bootstrap (10,000 replicates searched by branch-and- 
bound method in PAUP*4.0b4a) and Bremer support, based on strict 
and 50% majority rule consensus, indicated for each clade, and leaf 
stability indicated for each terminal taxon; B, nomenclature of the 
basal dinosaur groups discussed in the text based on the phylogenetic 
arrangement here proposed, with node-based taxa indicated by a white 
circle and stem-based taxa indicated by a curved line. 


Two main alternative hypotheses regarding the phylogenetic 
position of the dinosaurs considered in this chapter have been 
proposed under the cladistic paradigm. Early studies (Gauthier 
1986; Brinkman and Sues 1987; Benton 1990a; Novas 1992a; see 
also Fraser et al. 2002) suggested Herrerasaurus and/or Stauriko- 
saurus to be sister taxa of amonophyletic Dinosauria (=Saurischia 
+ Ornithischia). Since the discoveries of Eoraptor (Sereno et al. 
1993) and the complete skeleton of Herrerasaurus (Sereno and 
Novas 1992) a new hypothesis in which both Eoraptor and her- 
rerasaurids are considered the basalmost theropods has been 
widely advocated (Sereno et al. 1993; Sereno 1999a, 1999b; Novas 
1993, 1996a, 1997a). 

More recently, this hypothesis has been questioned by vari- 
ous authors (Padian and May 1993; Bonaparte and Pumares 
1995; Holtz 1995a; Langer et al. 1999b), who, although not 
supported by explicit phylogenetic analyses, suggested that 


theropods might share a more recent common ancestor with 
sauropodomorphs than with herrerasaurids and/or Eoraptor. 
According to some of these studies, these last forms belong to 
Dinosauria but not to Theropoda and should be assigned 
instead to the base of Saurischia as the sister taxa of 
Sauropodomorpha + Theropoda. This hypothesis is supported 
in the present study. 

A monophyletic Saurischia including herrerasaurids, Eo- 
raptor, sauropodomorphs, and theropods is strongly supported 
in the present analysis by high bootstrap and Bremer support 
values (fig. 2.11A). Accordingly, if the data matrix is analyzed 
using constraints to the alternative view of herrerasaurids as 
nondinosaurs (Brinkman and Sues 1987; Novas 1992a) five 
most parsimonious trees are found. These trees contain 14 more 
steps than the most parsimonious tree found by the uncon- 
strained analysis and have much lower bootstrap values (fig. 
2.12A). In addition, a comparison of these five topologies with 
the overall most parsimonious tree using the Templeton test 
(Templeton 1983) yields P values that range from 0.0082 to 
0.0164. This suggests that the monophyly of sauropodomorphs 
+theropods + herrerasaurids, to the exclusion of ornithischians, 
is significantly better supported by the data presented here than 
the monophyly of sauropodomorphs + theropods + ornithis- 
chians, to the exclusion of herrerasaurids. 

Phylogenetic studies favoring a monophyletic Dinosauria, 
to the exclusion of herrerasaurids, are found in Brinkman and 
Sues (1987), Benton (1990a), and Novas (1992a). However, most 
plesiomorphic features of herrerasaurids discussed by those au- 
thors are also present in basal members of the major dinosaur 
groups. These include the well-developed medial wall of the ace- 
tabulum (Brinkman and Sues 1987), which is present in basal 
sauropodomorphs (Galton 1973b; Benton et al. 2000b) and or- 
nithischians (Santa Luca 1984; Sereno 1991b); the unexpanded 
cranial trochanter (Novas 1992a), present in basal sauropodo- 
morphs (Galton and Upchurch, this vol.) and some theropods 
(Padian 1986; Rowe 1989); the well-developed trochanteric shelf 
(Novas 1992a), present in Saturnalia (Langer et al. 1999b) and 
some theropods (Raath 1990; Madsen and Welles 2000); and 
the unexpanded distal end of the tibia (Benton 1990a), present 
in some theropods (Padian 1986; Carpenter 1997a) and some 
sauropodomorphs (Benton et al. 2000b). In particular, the two- 
vertebrae sacrum of Herrerasaurus has been suggested to indicate 
its primitiveness (Novas 1992a; Fraser et al. 2002). In addition, 
the absence of a well-developed concave area for the insertion of 
the caudofemoral musculature (brevis fossa) in the ventral sur- 
face of the postacetabular iliac process of herrerasaurids (Stau- 
rikosaurus + Herrerasaurus) is another trait suggesting that they be- 
long outside Dinosauria. 

Although there is strong support for a monophyletic 
Saurischia, several putative apomorphies of the group present 
some problems and deserve further discussion. Sereno and 
Novas (1992; but see Fraser et al. 2002) proposed that a jugal 
that overlaps the ventral margin of the lacrimal and possesses 
a forked caudal ramus is unique to saurischians. However, 
the jugal of the basal ornithischian Lesothosaurus clearly over- 
laps the lacrimal at their articulation, a trait also present 
in Scelidosaurus. Likewise, the caudal ramus of the jugal in both 
Scelidosaurus and Emausaurus (Haubold 1991) is forked. The 
presence of epipophyses on the axis has also been considered 
apomorphic for Saurischia (Novas 1993). Axial epipophyses 
are, however, clearly present in basal ornithischians such as 
Lesothosaurus and Scelidosaurus, but they are obscured by 
marked laminae extending into the caudal part of the neural 
spines. In addition, Sereno et al. (1993) suggested that 
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FIGURE 2.12. Early dinosaur evolution as depicted by the analysis of 
107 morphological characters with constraints to A, the monophyly of 
Saurischia + Ornithischia, to the exclusion of Herrerasauridae (strict 
consensus of five most parsimonious trees), and B, the monophyly 

of Herrerasauridae + Theropoda, to the exclusion of Eoraptor, plus 

the monophyly of these three to the exclusion of Sauropodomorpha 
(single most parsimonious tree). Tree length and bootstrap values 
(10,000 replicates) are indicated. 


metatarsals I-IV with overlapping proximal portions are apo- 
morphic for Saurischia. This feature is, however, plesiomorphic 
for Dinosauria since it is also present in basal dinosauromorphs 
(Bonaparte 1975b). 

Saurischia is defined as a stem-based taxon: all Dinosauria 
closer to Allosaurus than to Stegosaurus (see also Gauthier 1986; 
Padian and May 1993; Sereno 1998). Its diagnosis is provided ear- 
lier in this chapter. The saurischian clade is divided into 
two main groups: Herrerasauridae, including Herrerasaurus and 
Staurikosaurus, and an unnamed clade comprising Eoraptor, 
Guaibasaurus, Saturnalia, Theropoda, and Sauropodomorpha. 
The monophyly of Herrerasauridae was contested by early 
phylogenetic studies of basal dinosaurs (Brinkman and Sues 
1987; Benton 1990a) but has since been firmly established by 
thorough cladistic studies (Novas 1992a; Sereno 1999a, 1999b; 
Rauhut 2000a) and is strongly supported in the present analysis 


BASAL SAURISCHIA 41 


by high bootstrap and Bremer support values (fig. 2.11A). In- 
deed, if the present data matrix is analyzed with constraints to 
a paraphyletic Herrerasauridae, four most parsimonious trees 
are found that are six steps longer than the overall most parsi- 
monious tree. 

Some putative apomorphic features of Herrerasauridae pre- 
sent problems, however, including the scapular characters used 
by Novas (1992a). The 90° angle between the acromion and the 
scapular blade cannot be adequately measured in the scapular 
fragments of Staurikosaurus. Moreover, as discussed by Galton 
(2000a), the scapular blade of Staurikosaurus expands dorsally 
as in most saurischians and is not strap-shaped like that of 
Herrerasaurus. Likewise, Sereno (1999a) listed the presence of 
a crested craniolateral margin of the proximal femoral shaft as 
apomorphic for Herrerasauridae, probably based on the femoral 
keel described for Herrerasaurus (Novas 1993). However, as 
pointed out by Novas (1993), this feature is not clearly seen in 
Staurikosaurus. Moreover, as previously discussed, a similar keel 
is also present in the femur of Guaibasaurus. 

Herrerasauridae was erected by Benedetto (1973) to include 
Herrerasaurus + Staurikosaurus, and Novas (1992a; see also Novas 
1997a) defined a node-based Herrerasauridae as comprising 
Herrerasaurus, Staurikosaurus, and all descendants of their most 
recent common ancestor. However, with Herrerasauridae defined 
as a node-based taxon, there is no name for the stem leading to 
its two internal specifiers. This stem may include taxa such 
as Aliwalia, Chindesaurus, and new finds. Herrerasauria Galton, 
1985 comprises all dinosaurs that share a more recent common 
ancestor with Herrerasaurus than with Liliensternus and Plateo- 
saurus. These two external specifiers were chosen because 
they represent well-known Triassic members of the two major 
saurischian groups (Theropoda and Sauropodomorpha, respec- 
tively) and were mentioned by Galton (1985a) in his taxonomic 
discussions. 

If the monophyly of Saurischia, as well as that of Herrera- 
sauridae within it, is strongly supported in the present analysis, 
this is not the case for some other clades of the most parsimo- 
nious hypothesis presented here. In fact, bootstrap and Bremer 
support values are low for the internal clades of Saurischia, 
which include Eoraptor, Theropoda, and Sauropodomorpha 
exclusive of Herrerasauridae, as well as Theropoda and 
Sauropodomorpha exclusive of Eoraptor (fig. 2.11A). These are 
the instances in which the hypothesis presented here differs 
from that advocated by some other authors (Sereno and Novas 
1992; Novas 1993, 1996a, 1997a; Sereno et al. 1993; Sereno 
1999a). Indeed, if the present data matrix is analyzed with con- 
straints to this alternative view, the most parsimonious tree is 
only two steps longer than that found by the unconstrained 
analysis, although its bootstrap values are lower (fig. 2.12B). In 
addition, the comparison of the two topologies using the 
Templeton test (Templeton 1983) yields a nonsignificant P 
value of 0.701. This implies that the favored phylogenetic 
arrangement is not significantly better supported by the pres- 
ent data than the arrangement advocated by the aforemen- 
tioned authors. 

The lack of statistical support for that part of the chosen 
phylogenetic hypothesis is not unexpected. In fact, Sereno and 
Novas (1992, 1993) defined various primary homologies that 
Eoraptor and/or herrerasaurids share with theropods that are 
unknown among other basal dinosaurs. Most of these have been 
incorporated into the present analysis, with the coding slightly 
altered in a few cases to accommodate new data (Galton 1999b, 
2000a; Langer et al. 1999b; Benton et al. 2000b). However, some 
evidence put forward by those authors in support of their phylo- 
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genetic hypothesis presents problems and deserves further at- 
tention. 

Novas (1993) suggested that the lacrimal of theropods (in- 
cluding herrerasaurids) is more derived than that of other dino- 
saurs because it is exposed in the skull roof. In fact, the lacrimal 
of Herrerasaurus is not more exposed in the skull roof than that 
of well-known prosauropods (Huene 1926a; Bonaparte and 
Pumares 1995) and most basal archosaurs (Ewer 1965; Bonaparte 
1972). All of these forms are plesiomorphic in relation to various 
theropods (Britt 1991; Madsen and Welles 2000), in which the 
dorsal part of the lacrimal is much more lateromedially ex- 
panded and occupies a larger part of the skull roof. In addition, 
Sereno and Novas (1993) suggested that the dorsally constricted 
infratemporal fenestra of Herrerasaurus indicated its theropod 
affinity. Similar arrangements are also seen, however, in basal 
sauropodomorphs (Young 1941a, 1942a; Bonaparte and Vince 
1979; Gow et al. 1990; Bonaparte and Pumares 1995). Moreover, 
Sereno (1999a) claims that an ectopterygoid ventral recess char- 
acterizes theropods, including herrerasaurids and Eoraptor. How- 
ever, an ectopterygoid recess is also seen in Thecodontosaurus 
(Yates 2003), while its presence in Herrerasaurus cannot be 
confirmed. 

Sereno et al. (1993) proposed the presence of prong-shaped 
epipophyses in the cervical vertebrae as an apomorphy of 
Theropoda, including herrerasaurids and Eoraptor. This char- 
acter is, however, present in some prosauropods (Thecodonto- 
saurus, Plateosaurus, Sellosaurus), while it is not present in 
some basal theropods (Liliensternus, Elaphrosaurus). In addition, 
Sereno et al. (1993; see also Novas 1993; Sereno 1999a) diag- 
nosed the elongate prezygapophyses of the distal caudal verte- 
brae of herrerasaurids as a theropod trait, but this character is 
not present in various basal theropods (Welles 1984; Madsen and 
Welles 2000). In addition, Sereno et al. (1993; see also Sereno 
1999a) suggested a strap-shaped scapular blade to be apomor- 
phic for Theropoda, including Herrerasauridae. However, Stau- 
rikosaurus most probably possesses a dorsally expanded scapular 
blade, as is the case with various basal theropods (Raath 1969; 
Welles 1984; Carpenter 1997a). Furthermore, Sereno (1999a) 
claimed that intermetacarpal articular facets in metacarpals 
I-III are also apomorphic for theropods, including her- 
rerasaurids and Eoraptor. Structures similar to those described for 
Herrerasaurus (Sereno 1993: figs. 11, 14) are, however, clearly seen 
in other basal dinosaurs (Huene 1932, pl. 11; Santa Luca 1980). 

Sereno et al. (1993) suggested the presence of a bootlike 
expansion of the distal pubis as a theropod feature of herrera- 
saurids. The primitive condition of theropods is, however, a dis- 
tal pubis that is not significantly more expanded than that of 
basal sauropodomorphs (Galton and Upchurch, this vol.), as 
seen in most basal members of the group (Padian 1986; Carpen- 
ter 1997a). In addition, the pubic expansion of herrerasaurids is 
not homologous (sensu de Pinna 1991) to that of more derived 
theropods (Madsen 1976a; Currie and Zhao 1993a). The herrera- 
saurid pubic expansion is, in fact, the result of the caudal fold- 
ing of the lateral margin of the distal end of the bone, as also 
seen in Marasuchus, and not an actual increase of its cranio- 
caudal width. In addition, this caudal folding also accounts for 
the reduced transverse width of the distal end of the pubis of 
herrerasaurids. Accordingly, contra Sereno (1999a), the reduc- 
tion in width of the distal part of the pubic shaft of some basal 
theropods (Raath 1969; Carpenter 1997a) is not considered ho- 
mologous to that of herrerasaurids. 

Sereno (1999a) indicated that an obturator process in the is- 
chium, an arched brevis fossa, and a distal femoral depression 
were theropod apomorphic features in Eoraptor and/or Herrera- 


sauridae. However, an ischial obturator process is found in basal 
sauropodomorphs (Huene 1926a; Cooper 1981b), as well as in 
basal ornithischians—Lesothosaurus, Scelidosaurus—although 
it is not as ventrally expanded in these forms as in most sauris- 
chians. Moreover, as already discussed, herrerasaurids possess 
an area for the insertion of M. caudofemoralis brevis that is sim- 
ilar to that of Marasuchus and much less lateromedially and 
dorsoventrally expanded than that of both ornithischians and 
most saurischians. In addition, the depression on the distal fe- 
mur mentioned by Sereno (1999a) is interpreted here as the 
cranioproximal extension of the sulcus intercondylaris. This 
depression is present in most derived dinosaurs (Galton 1976b; 
Forster 1990a; Currie and Zhao 1993a) but is absent from the 
cranial surface of the distal femur of Herrerasaurus, Stauriko- 
saurus, and several other basal dinosaurs, such as Saturnalia, 
Liliensternus, and Lesothosaurus. 

Finally, Novas (1993) suggested the presence of a trochanteric 
shelf on the proximal femur as apomorphic for theropods, in- 
cluding Eoraptor and Herrerasauridae. Although a sigmoid 
insertion for M. iliofemoralis is seen in all these forms, only in 
Herrerasaurus and some coelophysids—for example, Coelophysis 
(Padian 1986) and robust Syntarsus (Raath 1990)—as well as in 
the sauropodomorph Saturnalia (Langer et al. 1999b), is it raised 
to form a horizontal shelf. The proximal femur of Eoraptor and 
Staurikosaurus, on the other hand, lacks a horizontal platform 
on its lateral surface, a condition shared by most basal dino- 
saurs, such as Liliensternus, Thecodontosaurus, and Lesothosaurus. 

As concerns Eoraptor, previous assessments (Novas 1993, 
1996a, 1997a; Sereno et al. 1993; Sereno 1999a; Rauhut 2000a) 
have defined the taxon as the most basal theropod. However, the 
present study indicates that regardless of their relation to other 
members of the group, herrerasaurids are more basal in the 
dinosaur tree than Eoraptor. In fact, herrerasaurids represent the 
most basal branch in the shortest tree in which Eoraptor and 
herrerasaurids are basal theropods. Especially in the skull, Eo- 
raptor shares with some basal sauropodomorphs and/or thero- 
pods various apomorphic characters that are absent in Herrera- 
saurus, namely, a thin dorsocaudal premaxillary process, which 
allows the maxilla to approach the external naris; a subnarial 
gap similar to that of coelophysid theropods; a maxilla with a 
concave rostral margin and a horizontal ridge on the lateral 
surface; a nasal that forms the dorsal border of the antorbital 
fenestra and bears a caudolateral process enveloping part of the 
rostral ramus of the lacrimal; a long, subvertical ventral ramus of 
the lacrimal; and a rostral ramus of the jugal that does not reach 
the internal antorbital fenestra. In addition, Eoraptor shares with 
theropods and sauropodomorphs a stouter metacarpal I and 
with theropods a supracetabular ridge continuous with the 
lateral border of the brevis fossa and a caudally expanded ischial 
peduncle. 

In fact, the only characters that support a close relationship 
between Herrerasaurus and more derived saurischians, to the 
exclusion of Eoraptor, are predatory features that Herrerasaurus 
shares with some unambiguous theropod taxa. These include 
the intramandibular joint, the long penultimate manual pha- 
langes, and the trenchant unguals of the manus. However, these 
characters were outweighed by those indicating a closer rela- 
tionship between Eoraptor and more derived saurischians and 
are interpreted as convergences. Moreover, they could well have 
arisen independently in these forms as adaptations to their 
more carnivorous diet. Indeed, it is in fact not clear that the 
intramandibular joints of herrerasaurids and more derived 
theropods represent homologous structures (Holtz 1998a; Fraser 
et al. 2002). 


As discussed above, the present study defined a close rela- 
tionship between theropods and sauropodomorphs. Indeed, 
the monophyly of the clade uniting those two major dinosaur 
groups, exclusive of Eoraptor and herrerasaurids, is supported by 
several apomorphic characters. The least inclusive group of 
Saurischia, containing Cetiosaurus and Neornithes, was called 
Eusaurischia by Padian et al. (1999). 

Within Eusaurischia, Saturnalia and Guaibasaurus were found 
to represent sister taxa of Sauropodomorpha and Theropoda, 
respectively (fig. 2.11). The monophyly of Sauropodomorpha + 
Saturnalia is strongly supported by high values of bootstrap and 
Bremer support (fig. 2.10A). Basal sauropodomorph phylogeny 
is fully discussed by Galton and Upchutch (this vol.). 

The phylogenetic position of Guaibasaurus is more con- 
troversial. Bonaparte et al. (1999) included the taxon within 
Saurischia, suggesting its closer relation to sauropodomorphs 
and theropods than to herrerasaurids. This hypothesis is sup- 
ported by the present analysis, but Bonaparte et al. (1999) also 
listed several characters linking Guaibasaurus to sauropodo- 
morphs. Among these, a well-developed ambiens process and 
an unreduced metatarsal I are plesiomorphic for Dinosauria. 
Likewise, most basal members of the group possess a straight 
femur (in cranial aspect), a moderately developed cranial tro- 
chanter, an elongate fourth trochanter with a medial depression 
(i.e., insertion of M. caudofemoralis longus), and a reduced 
metatarsal V. As indicated by Bonaparte et al. (1999), however, 
the distal tibia of Guaibasaurus has a craniocaudally compressed 
lateral margin, and the projections of its calcaneum are reduced. 
These are, indeed, apomorphic features within Dinosauria, found 
as they are in both ornithischians and theropods. In addition, 
a distally expanded massive ischium with a long symphysis is a 
eusaurischian apomorphy. 

In conclusion, there is no strong evidence to support the 
sauropodomorph affinity of Guaibasaurus. Instead, the present 
analysis found it to represent the most basal theropod. The 
support for this hypothesis, however, is weak (fig. 2.11A), with 
few apomorphic features supporting the arrangement. The 
precise phylogenetic position of Guaibasaurus is therefore still 
ambiguous, although it is clearly more closely related to eu- 
saurischians than to herrerasaurids. Moreover, if considered a 
theropod, Guaibasaurus is also the most basal member of the 
group since it lacks most synapomorphies of more derived 
Theropoda. 

Among the little-known basal dinosaurs not included in the 
present phylogenetic analysis, Alwalkeria maleriensis and Chinde- 
saurus bryansmalli possess morphological features indicating a 
saurischian affinity. However, a substantial problem with these 
two taxa, as well as with Spondylosoma absconditum, is the un- 
certainty about the association of the various remains attrib- 
uted to the taxa, which may not belong to a unique specimen or 
taxon. An even more problematic case is that of Agnosphitys 
cromhallensis, which admittedly is based on dissociated remains 
(Fraser et al. 2002). Saurischian characters of Alwalkeria include 
an elongate cranial cervical vertebra and dorsal vertebrae with 
well-developed chonoe. Moreover, features like the subnarial gap, 
the heterodont dentition, the noncompressed dorsal vertebrae, 
and the craniocaudally compressed lateral portion of the astra- 
galus suggest that Alwalkeria is more related to eusaurischians 
than to herrerasaurids. Besides, Alwalkeria has some plesio- 
morphic features that are unknown in basal theropods, such as 
a semipendent fourth trochanter and an astragalus with a well- 
developed elliptical cavity for the tibial descending process. In 
conclusion, Alwalkeria represents a dinosaur phylogenetically 
close to Eoraptor and to the base of Eusaurischia. 
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The saurischian affinity of Chindesaurus is suggested by fea- 
tures such as the chonoe on the dorsal vertebrae and the ex- 
panded transverse processes of the second sacral vertebra, which 
roofs the space cranial to the caudal margin of its rib. In addi- 
tion, short dorsal vertebrae and deep sacral ribs of Chindesaurus 
might indicate some affinities with herrerasaurids. However, 
the shortening of the dorsal vertebrae is not as extreme as that 
of Staurikosaurus or Herrerasaurus. Other derived features of 
herrerasaurids not found in Chindesaurus include the folded 
laterodistal portion of the pubic shaft and the elongate prezy- 
gapophyses on the distal caudal vertebrae. Indeed, as proposed 
by Hunt (1996), Chindesaurus might well represent a non- 
herrerasaurid herrerasaurian. Accordingly, it lacks elongate cau- 
dal neck vertebrae, a derived feature of Eusaurischia. However, 
the fourth trochanter of Chindesaurus is placed down the shaft, 
as in sauropodomorphs, and its distal tibia is narrower laterally 
than medially, with the descending process partially overlap- 
ping the fibula, a condition seen in some basal saurischians but 
not in herrerasaurids. Thus, Chindesaurus is presently best re- 
ferred to as a Saurischia incertae sedis, although its high nesting 
within any of the major saurischian groups (Herrerasauridae, 
Theropoda, and Sauropodomorpha) can be dismissed. 

Aliwalia rex cannot be safely assigned to Saurischia. It is most 
probably a dinosaur, as indicated by several features of its femur, 
such as the ridgelike semipendent fourth trochanter and the 
head, which is subrectangular, forms an angle of more than 45° 
to the sagittal line, is well set off from the shaft, and has an an- 
gulated proximolateral corner and a reduced medial tuberosity. 
Within dinosaurs its semipendent fourth trochanter is similar 
to that of Herrerasaurus and prosauropods and distinct from that 
of basal theropods. Besides, the ridgelike cranial trochanter is 
similar to that of sauropodomorphs and distinct from that of 
any other basal saurischian. In contrast, the fourth trochanter 
of all sauropodomorphs is placed lower on the femoral shaft, 
while that of Aliwalia partially overlaps the cranial trochanter. 
The distal femoral fragment of Aliwalia is also distinct from that 
of most basal saurischians. Its sulcus intercondylaris extends 
onto the cranial surface of the bone, a feature more commonly 
seen in more derived members of the group. In conclusion, the 
two femoral fragments assigned to Aliwalia might well belong 
together. The taxon likely represents a saurischian but is better 
referred to as a Dinosauria incertae sedis. 

As mentioned above, the affinities of Agnosphitys cromhallen- 
sis cannot be well determined because of the uncertainty about 
the association of its attributed specimens. The well-developed 
brevis fossa of the ilium strongly indicates a dinosaur affinity. In 
addition, the extreme elongation of its postacetabular process is 
characteristic of eusaurischians, while some of its plesio- 
morphic features, such as a partially closed acetabulum and a 
short preacetabular process, are not seen in most theropods. 
According to Fraser et al. (2002), the maxilla attributed to 
Agnosphitys has no clear dinosaurian features, but its attributed 
humeri could well be dinosaurian, as suggested by the delto- 
pectoral crest morphology. This is also the case with its attributed 
astragali, which are clearly dinosaurian, as indicated by the 
straight caudal margin, the small articular facet for fibula, and the 
ascending process bounded caudally by an articular facet for the 
tibial descending process. In fact, this articular facet forms a deep 
elliptical slot, as seen in Herrerasaurus, Saturnalia, and prosauro- 
pods. Accordingly, even though it is undiagnosable due to its dis- 
associated nature, Agnosphitys probably has dinosaur affinities. 

The two other little-known taxa dealt with here, Saltopus el- 
ginensis and Spondylosoma absconditum, cannot be safely referred 
to Dinosauria. Saltopus is most probably related to Dinosauri- 
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formes, as indicated by the well-developed trochanteric shelf on 
its femur, the elongate crus and metatarsus, and the pes with 
three weight-bearing digits and a shorter element medial to 
these (Rauhut and Hungerbiihler 2000). In addition, its sauris- 
chian affinity is suggested by the anatomy of the ischium, 
which bears a long symphyseal area composed of a short obtu- 
rator process and has a rodlike shaft with reduced medioventral 
lamination. However, Saltopus lacks several dinosaur apo- 
morphies, such as a long deltopectoral crest, a fibula signifi- 
cantly thinner than the tibia, and a metatarsal IV shorter than 
metatarsal III. In addition, the vertebrae of the middle of the tail 
are elongate, as seen in basal nondinosaur dinosauromorphs 
(Sereno and Arcucci 1994), as well as in Scleromochlus (Benton 
1999). The assignment of Saltopus to Dinosauria is therefore 
problematic, and it is here considered a Dinosauriformes incer- 
tae sedis. 

Spondylosoma absconditum was first described as a saurischian 
dinosaur (Huene 1942), and since then its possible dinosaur 
affinity has often been contemplated (Romer 1966; Colbert 1970; 
Bonaparte 1971b; Charig 1976b; Galton 1977a; Sues 1990; Novas 
1997a). More recently, its affinity to rauisuchian archosaurs 
has been proposed (Galton 2000a). In fact, various features of 
Spondylosoma are found in both saurischian dinosaurs and 
some crurotarsan archosaurs (Walker 1961; Long and Murry 
1995; Alcober and Parrish 1997), including elongate cervical 
vertebrae with ridgelike epipophyses, dorsal vertebrae with 
hyposphene-hypantrum auxiliary articulations, well-developed 
cranial, medial, and caudal chonoe, and ribs of the two main 
sacral vertebrae forming a U-shaped articulation to the ilium. 
Galton (2000a) suggested a rauisuchian affinity of Spondylosoma 
based on the morphology of the ventral margin of its sacral ribs, 
which are ventrally bent, so that the pelvic articulation faces 
in the same direction, as seen in Stagonosuchus and Saurosuchus 
(Bonaparte 1981, 1984; see also Parrish 1986). However, the ar- 
ticular areas of the sacral ribs of these forms face mainly ventro- 
laterally, while those of Spondylosoma face mainly laterally. 
Indeed, this arrangement resembles that of the sacral ribs of 
Herrerasaurus (fig. 2.6B) and to some extent of Staurikosaurus, in 
which the ventral margin is also ventrally bent to articulate to 
the iliac peduncular area. Accordingly, the dorsal margin of 
the sacral ribs of Spondylosoma is mainly horizontal, as in most 
archosaurs, and not dorsolaterally inclined, as in the afore- 
mentioned rauisuchians. On the other hand, the humerus of 
Spondylosoma has a deltopectoral crest that is shorter than that 
of well-known basal dinosaurs and resembles more that of other 
archosaurs (Ewer 1965; Bonaparte 1975b; Benton 1999). In con- 
clusion, the taxonomic assignment of Spondylosoma is ambigu- 
ous, and both rauisuchian and dinosaur affinities are possible. 
Nevertheless, if the latter alternative is confirmed, Spondylosoma 
would be the only Ladinian dinosaur known and the earliest 
member of the group. 


Function and Behavior 


Probably the most remarkable functional adaptation of basal 
saurischians is the sliding intramandibular joint of herrera- 
saurids. Sereno and Novas (1993) fully discussed this structure in 
Herrerasaurus, suggesting a rotation of about 15° along the plane 
of the mandibular rami. Comparisons with modern lepidosaurs 
suggest that such an apparatus allowed the toothed cranial seg- 
ment of the mandible to flex around the struggling prey, pre- 
venting its escape. Apparently, the lateral flexion of the joint 
was restricted and did not serve to increase the mandibular gape. 


As also seen in lizards with an intramandibular joint, the 
mandibular tooth row of Herrerasaurus is much shorter than 
that of the upper jaw. In addition, larger caniniform teeth are 
seen in the middle of its tooth rows. The combined presence of 
particularly short dentary and large maxillary caniniform teeth 
in some Herrerasaurus (fig. 2.2F, G) suggests possible functional 
interdependence between these structures. The larger size of 
that skull also indicates that such traits could be enhanced in 
older individuals. 

The tooth morphology of basal saurischians is rather vari- 
able, and so is their inferred function. The serrated, laterally 
compressed, and caudally curved teeth of Herrerasaurus were 
surely efficient for sizing prey and slicing animal material. Ac- 
cordingly, a fully carnivorous habit can be inferred for this 
taxon, as well as for Staurikosaurus and Aliwalia, which possess 
a similar dentition. The heterodont dentition of Eoraptor and 
Alwalkeria, on the other hand, lacks clear herbivorous or carniv- 
orous adaptations, showing some resemblance to that of basal 
sauropodomorphs (see Barrett 2000a). This condition, together 
with the body size of these taxa, suggests that they were adapted 
for a mixed diet including invertebrates and small vertebrates as 
well as soft plant material. 

The rear of the tail of Herrerasaurus and Staurikosaurus was 
stiffened by the elongate prezygapophyses of its vertebrae. This 
device probably acted as a dynamic stabilizer during running 
and leaping (Ostrom 1969a). The forelimb of Herrerasaurus and 
Eoraptor is about half as long as the hindlimb, suggesting a 
function related to prey capture and manipulation rather than 
to locomotor support (Sereno 1994). In particular, the long 
manus with large trenchant unguals of Herrerasaurus was surely 
specialized for powerful grasping and raking. 

The femoral head of most basal dinosaurs is craniomedially 
directed, and its shift to a fully medial orientation occurred 
independently in ornithischians, theropods, and sauropodo- 
morphs (Carrano 2000). The femoral head combines with a 
semiperforated acetabulum, which is also seen in various basal 
members of the group. Despite these primitive features, a fully 
erect gait with a parasagittal hindlimb motion is usually inferred 
for basal dinosaurs (Novas 1996a; Carrano 2000). However, 
during locomotion the movement of the limb on the hip was by 
no means a simple fore-and-aft, stiff rotation around the ace- 
tabulum; there was also strong axial rotation of the femur. Dur- 
ing maximum protraction the femoral head sat conformably 
on the hip, forming an angle of about 45° to the sagittal plane. 
During retraction, however, the contraction of M. caudo- 
femoralis longus caused medial rotation of the femur, so that its 
head was transversely oriented by the end of the movement. 
This arrangement generated important lateromedial move- 
ments of the knee and ankle during fast locomotion. 

Sereno and Novas (1993) reported the presence of puncture 
wounds in the skull of Herrerasaurus. These were suggested to 
represent injuries derived from either intraspecific aggression or 
interaction with other large-sized predators, such as Saurosuchus. 
Evidence of behavioral patterns such as gregariousness, nesting, 
parental care, or visual display have not been confirmed for the 
taxa discussed in this chapter. 


Paleoecology and Biogeography 


The dinosaur taxa discussed in this chapter include forms from 
the Carnian beds of various parts of the world, which contain 
the earliest known dinosaur-bearing faunas. Dinosaurs are, how- 
ever, not dominant components of those paleocommunities, 


usually representing fewer than 10% of the known specimens 
(Bonaparte 1982b; Benton 1983a; Azevedo et al. 1990; Rogers et 
al. 1993). However, basal dinosaurs are much more abundant 
and diverse in the South American Ischigualastian beds than 
in any correlated strata of other parts of the world. Accordingly, 
the Ischigualasto and Santa Maria formations yielded several 
skeletons of well-known taxa (Colbert 1970; Sereno and Novas 
1992; Sereno et al. 1993; Langer et al. 1999b), whereas only frag- 
mentary remains, most of unclear affinities, were recovered from 
other Carnian stratigraphic units (Benton and Walker 1985; 
Kutty and Sengupta 1989; Gauffre 1993a; Long and Murry 
1995; Flynn et al. 1999b). This evidence, together with the oc- 
currence of the sister taxa of Dinosauria—Lagerpeton, Marasuchus, 
Pseudolagosuchus (Arcucci 1997)—in the Ladinian strata of the 
Chanares Formation, in Argentina, supports the hypothesis of a 
South American center of origin for dinosaurs in general and for 
saurischians in particular. 

Early saurischian evolution must have been rapid, since basal 
representatives of its major groups, with their ecological adap- 
tations, have been found in the strata in which the group as a 
whole is first recorded. The evidence of a tachytelic early evolu- 
tion of dinosaurs is consistent with opportunistic scenarios, in 
which they take advantage of ecological space in the aftermath 
of an extinction event (Benton 1983a). However, forms such as 
Herrerasaurus shared the landscape in which the Ischigualasto 
Formation was deposited with similarly sized crurotarsan pred- 
ators such as Saurosuchus, and ecological competition could 
have partially driven the evolution of both groups. In this sense 
it is interesting that many of the novel features of the dino- 
sauromorph skeleton are related to the hindlimb anatomy; 
some of these features clearly involved in enhanced bipedal lo- 
comotion. Indeed, competitive and opportunistic scenarios are 
not mutually exclusive, and the locomotor adaptations of di- 
nosaurs could have provided the members of the group with 
adequate tools to survive in the changing environment that 
drove other archosaur forms toward extinction (Bakker 1971b; 
Charig 1972, 1984). 

Regardless of which force drove the origin and early evolu- 
tion of saurischians, it was not only tachytelic; it also involved 
rapid geographic dispersion. Indeed, rocks of approximately the 
same age in various parts of the world “simultaneously” register 
the first appearance of the group. As mentioned, Carnian sauris- 
chians are particularly abundant in South America, but they are 
also known from North America, northern and southern Africa, 
and India. Accordingly, from the time of their first record 
saurischians were distributed through almost the entire western 
Pangaea. 

The South American Ischigualastian terrestrial paleo- 
communities include medium- to large-sized herbivores such as 
hyperodapedontid rhynchosaurs and kannemeyeriid dicyno- 
donts, as well as medium-sized, possibly omnivorous forms 
such as aetosaurs and traversodontid cynodonts. Predators were 
small- to medium-sized cynodonts, particularly chiniquo- 
dontids, and medium- to large-sized archosaurs such as protero- 
champsids and rauisuchians. Herrerasaurids were the most 
common dinosaurs of those communities, which were charac- 
terized by medium to large size and active bipedal predation 
(Colbert 1970; Sereno and Novas 1992). Staurikosaurus was 2m 
long and probably preyed on small- to medium-sized vertebrates 
such as rhynchosaurs and cynodonts. Herrerasaurus, on the 
other hand, 3-5 m in length, was one of the top predators of its 
time, surpassed in size only by large rauisuchians such as Sauro- 
suchus and Prestosuchus. An adult Herrerasaurus probably preyed 
on virtually any vertebrate in its communities apart from other 
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adult top predators. Novas (1997a) mentioned the discovery of 
a juvenile Hyperodapedon (rhynchosaur) within the rib cage of a 
specimen of Herrerasaurus. Herrerasaurids represent the first im- 
portant saurischian radiation, and their evolutionary history was 
mainly restricted to the Carnian of South America. 

Much more successful than the herrerasaurids was their sis- 
ter group, which includes the ancestors of theropods and sauro- 
podomorphs. The early evolution of these dinosaurs was not 
marked by the increase in size and predation capabilities seen 
in herrerasaurids. Instead, their basal members were small- to 
medium-sized omnivores that in various ecological aspects 
resemble basal dinosauromorphs and early ornithischians. Is- 
chigualastian basal members of the group include the 1.5 m 
long facultative biped Saturnalia and the slightly smaller biped 
Eoraptor. 

From that basal stock the two main, fundamentally distinct 
groups of saurischian dinosaurs evolved. Theropods were rare 
during Carnian times, and only dubious and fragmentary re- 
mains have been referred to the group (Hunt et al. 1998). By 
contrast, sauropodomorphs were the most abundant of the 
major dinosaur groups in the Carnian, having been recorded in 
strata of that age in northern and southern Africa, as well as 
in North America. These include records in Madagascar and 
Zimbabwe (Raath 1996; Flynn et al. 1999b), whose faunas are 
depauperate versions of the South American Ischigualastian 
paleocommunities. Langer et al. (1999a, 1999b) tentatively as- 
signed the Zimbabwean sauropodomorph to Saturnalia, while 
Flynn et al. (1999b) described the Malagasy prosauropods as 
typical members of the group. Both forms were probably sub- 
ordinate omnivores of their faunas, as was Azendohsaurus from 
the Argana Formation of Morocco (Gauffre 1993a). In fact, 
Azendohsaurus and the Malagasy forms represent the oldest 
known prosauropods, which are contemporaneous with more 
primitive taxa such as Saturnalia. 

Regarding the lesser-known Carnian forms treated in this 
chapter, the small and lightly built Marasuchus-like body of 
Saltopus suggests habits of an agile, probably insectivorous 
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predator. Based on its size and dentition, Alwalkeria might have 
been a small omnivore like Eoraptor and Saturnalia. 

The trend toward high diversity and abundance of basal 
sauropodomorphs continued during the latest Triassic, when 
this group was the protagonist of the first important pulse of 
dinosaur ascendance. They were apparently the first members 
of the group to disperse toward the eastern Pangaea (Buffetaut 
et al. 2000b), and they were a dominant faunal component of 
most Norian strata in Europe (Hungerbihler 1998b), South 
America (Bonaparte 1972; Bonaparte and Vince 1979), and south- 
ern Africa (Kitching and Raath 1984; Gauffre 1993a). Prosauro- 
pods are, however, rarer in other Norian paleocommunities, 
such as those of the western United States, whose main faunal 
components are crurotarsan archosaurs such as aetosaurs, 
phytosaurs, and rauisuchians (Long and Murry 1995). Chinde- 
saurus, a putative carnivore about 3 m long, is the only well- 
known basal saurischian of these faunas and probably preyed on 
small- to medium-sized individuals of the aforementioned ar- 
chosaurs. Chindesaurus might represent a later wanderer of the 
herrerasaur lineage, indicating a greater chronological and geo- 
graphic distribution for the group. Other Norian dinosaurs of 
uncertain affinity include the enormous Aliwalia, which might 
have been a top predator of the Lower Elliot fauna in southern 
Africa, which also included prosauropods, rauisuchians, and 
traversodontid cynodonts (J. M. Anderson et al. 1998). 

Guaibasaurus, perhaps the most basal theropod, comes from 
the Caturrita Formation, in southern Brazil, whose fauna also 
included prosauropods and kannemeyeriid dicynodonts. It 
was a medium-sized putative carnivore that probably preyed on 
small- to medium-sized vertebrates, occupying a similar niche 
to that of Staurikosaurus and coelophysids. Theropods in general 
are significantly more abundant in the Norian. There are records 
of the group in various parts of the world (Arcucci and Coria 
1997; J. M. Anderson et al. 1998; Rauhut and Hungerbiihler 
2000), and there is evidence that they were already an important 
faunal component at the time (Colbert 1989; Schwartz and 
Gillette 1994). 
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Ceratosauria represents the first widespread and diverse radia- 
tion of theropod dinosaurs (table 3.1). The remains of these 
predators are the most common theropod fossils recovered 
from Upper Triassic and Lower Jurassic deposits worldwide, and 
members of the clade evidently became dominant predators 
on the Gondwanan landmasses during Cretaceous time. Their 
fossils are known from Africa, India, Madagascar, North Amer- 
ica, South America, and Europe. There is considerable debate 
over the phylogenetic relationships of the group (Gauthier 1986; 
Rowe 1989; Rowe and Gauthier 1990; Holtz 1994, 1998a; Rowe 
et al. 1997a; Rauhut 1998, 2000a; Tykoski 1998; Carrano and 
Sampson 1999; Forster 1999; Sereno 1999a; Carrano et al. 2002). 
Our phylogenetic analysis yields a monophyletic Ceratosauria 
comprising two main sister clades, Neoceratosauria and Coelo- 
physoidea (Novas 1991, 1992b; Holtz 1994, 1998a; Padian et al. 
1999). 

Our knowledge of neoceratosaurs increased substantially over 
the past decade of research and discovery on Gondwanan con- 
tinents. Most neoceratosaurs are known from Upper Cretaceous 
sediments, although the earliest records of the clade come from 
the Late Jurassic (Kimmeridgian-Tithonian) of western North 
America and eastern Africa. Several neoceratosaurs are large 
(up to 10 m) with a powerful build, and their large skulls are of- 
ten adorned with pronounced cranial ornamentation (fig. 3.1). 
Some derived forms have extremely abbreviated forelimbs, a 
condition analogous to that seen in tyrannosaurids, alvarez- 
saurids, and some flightless birds. 

The earliest coelophysoid record comes from the Late Trias- 
sic (Carnian-Norian) of North America and Europe. The group 
was diverse and widely distributed by Norian time, and their 
remains last appear in Lower Jurassic (Pliensbachian-Toarcian) 
deposits. Coelophysoids possessed slender overall proportions, 
with long necks and tails, narrow pelves, powerful forelimbs 
with grasping hands, long hindlimbs, and narrow, compact 
feet. They ranged in size from diminutive taxa 1 m long to forms 
greater than 6 m long. Some taxa sported elaborate cranial or- 
namentation in the form of parasagittal crests on the dorsal 
skull surface (fig. 3.2). Interestingly, the Late Triassic Coelophysis 
bauri is one of the most derived coelophysoids, yet it is strati- 
graphically lower than more basal members of the lineage, sug- 
gesting that coelophysoids and hence Ceratosauria have a long 


history not reflected in the fossil record and that ceratosaurs 
may eventually be discovered in pre-Carnian deposits. 


Definition and Diagnosis 


A stem-based taxon defined as those theropods more closely 
related to Ceratosaurus nasicornis than to birds (Rowe 1989: 
132), Ceratosauria can be diagnosed based on the following 
unambiguous apomorphies: axial neural spine extending cra- 
nially beyond the prezygapophyses; postaxial neural spines 
dorsoventrally low; transverse processes of dorsal vertebrae 
caudally backswept and triangular in the dorsal view; sacral ribs 
fused with the ilia; M. caudofemoralis brevis fossa of the ilium 
broad; supracetabular crest of the ilium flaring laterally and 
ventrally, overhanging much of the craniodorsal half of the 
acetabulum in lateral view; pubic-shaft axis bowing cranially; 
dimorphism in the femoral cranial trochanter; femoral medial 
epicondyle well developed and crestlike; tibiofibular crest of 
the distal femur sharply separated from the fibular condyle; as- 
tragalus and calcaneum fused to form an astragalocalcaneum 
in adults; distal tarsal 4 having a large rectangular notch in 
the caudolateral margin. The presence of two pleurocoels in 
the postaxial cervical and cranial dorsal vertebrae is also diag- 
nostic for Ceratosauria. There is uncertainty whether this fea- 
ture arose directly from a condition in which these pneumatic 
structures were lacking or from a condition in which there was 
one pleurocoel. 


Anatomy 


Recognition of an ontogenetic stage is critical to the proper 
anatomical comparison and subsequent interpretation of cer- 
atosaur character states. Following earlier work (Gauthier 1986; 
Rowe 1989; Rowe and Gauthier 1990), we recognize three broad, 
if arbitrary, stages of posthatchling ontogenetic development 
in these taxa. The stages are based on the sequence and degree 
of fusion between skeletal elements, as well as other size- 
independent indicators of an ontogenetic stage in fossil organ- 
isms (Brinkman 1988; Bennett 1993; Sampson 1993; Brochu 1996; 
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TABLE 3.1 


Ceratosauria 


Occurrence 


Age 


Material 


Theropoda Marsh, 1881a 
Ceratosauria Marsh, 1884a 
Coelophysoidea Holtz, 1994 
Dilophosaurus Welles, 1970 
D. wetherilli (Welles, 1954) 
(= Megalosaurus wetherilli Welles, 
1954) 
Gojirasaurus Carpenter, 1997a 
G. quayi Carpenter, 1997a 


Liliensternus Welles, 1984 
L. liliensterni (Huene, 1934a) 
(= Halticosaurus liliensternus Huene, 
1934a) 
Procompsognathus Fraas, 1913 
P. triassicus Fraas, 1913 


Segisaurus Camp, 1936 
S. halli Camp, 1936 


Coelophysis Cope, 1889a (= Rioarribasaurus 
Hunt et Lucas, 1991b) 
C. bauri (Cope, 1889a) (= Coelurus bauri 
Cope, 1887 Rioarribasaurus bauri [Cope, 


1887], Tanystrophaeus bauri (Cope, 1887], 


Rioarribasaurus colberti Hunt et Lucas, 
1991, Syntarsus colberti [Hunt et Lucas, 
1991]) 

Syntarsus Raath, 1969 (= Megapnosaurus 
Ivie, Slipinsky, et Wegrzynowicz, 2001) 
S. rhodesiensis Raath, 1969 

(= Megapnosaurus rhodesiensis [Raath, 
1969]) 


S. kayentakatae Rowe, 1989 
(= Megapnosaurus kayentakatae [Rowe, 
1989]) 


Coelophysoidea incertae sedis 
Camposaurus Hunt, Lucas, Heckert, 
Sullivan, et Lockley, 1998 
C. arizonensis Hunt, Lucas, Heckert, 
Sullivan, et Lockley, 1998 
Podokesaurus Talbot, 1911 
P. holyokensis Talbot, 1911 


Unnamed coelophysoid (= “Shake-N-Bake” 
theropod; Tykoski, 1997) 


Unnamed coelophysoid (= “Liliensternus” 


airelensis Cuny et Galton, 1993) 
Neoceratosauria Novas, 1991 
Elaphrosaurus Janensch, 1920 
E. bambergi Janensch, 1920 


Ceratosaurus Matsh, 1884a 


Kayenta Formation 
(Arizona), United States 


Cooper Canyon Formation 
(New Mexico), United 
States 


Knollenmergel (Thiiringen), 
Germany 


Middle Stubensandstein 
(Baden-Wirttemberg), 
Germany 


Navajo Formation 


(Arizona), United States 


Chinle Formation/Rock 
Point Formation (New 


Mexico), Chinle Formation/ 


Petrified Forest Formation 
(Arizona), United States 


Forest Sandstone 
(Matabeleland North), 
Zimbabwe; Upper Elliot 
Formation (Cape Province), 
Upper Elliot Formation 
(Free State Province), 
South Africa 

Kayenta Formation 
(Arizona), United States 


Chinle Formation/Bluewater 
Creek Formation (Arizona), 
United States 

?Portland Formation 
(Massachusetts), United 
States 

Kayenta Formation 
(Arizona), United States 

Moon-Airel Formation 
(Manche), France 


Tendaguru Formation 
(Mtwara), Tanzania 


Hettangian or 
Sinemurian 


middle Norian 


late Norian 


middle Norian 


Pliensbachian- 
Toarcian 


late Carnian- 
late Norian 


Hettangian- 
?Sinemurian 


Sinemurian- 
Pliensbachian 


late Carnian 


Pliensbachian- 
Toarcian 


Sinemurian- 
Pliensbachian 

early 
Hettangian 


Kimmeridgian 


2 associated subadult skeletons, 


partial skeleton, 4 other 
fragmentary individuals 


Tooth, dorsal vertebrae, 
scapula, pubis 


2 partial subadult skeletons 


Partial postcranial skeleton 


Partial postcranial skeleton 


Several hundred individuals, 
juvenile to adult, including 
nearly complete articulated 
skeletons 


At least 30 individuals, juvenile 


to adult, partially articulated 
skeletons 


1 articulated skull and 
postcranial skeleton, 
2 fragmentary skeletons, 
1 incomplete skeleton, 
subadult to adult 


Partial tibiotarsus, sacra, 
isolated vertebrae 


Partial postcranial skeleton 
(now destroyed) 


Fragmentary remains of at 
least 17 individuals 

Tooth, vertebrae, partial 
sacrum, and pelves 


Postcranial skeleton 


TABLE 3.1 (CONTINUED) 


Occurrence Age Material 
C. nasicornis Marsh, 1884a Morrison Formation Kimmeridgian- _5 individuals, including nearly 
(Colorado), Morrison Tithonian complete adult skeleton and 
Formation (Utah), United subadult skeleton 
States 
?C. dentisulcatus Madsen et Welles, Morrison Formation (Utah), Kimmeridgian- Partial skull, vertebrae, limb 
2000 United States Tithonian elements 
?C. magnicornis Madsen et Welles, Morrison Formation Kimmeridgian- —_ Skull, assorted postcrania 
2000 (Colorado), United States Tithonian 
Laevisuchus Huene, 1932 
L. indicus Huene, 1932 Lameta Formation Maastrichtian Vertebrae 
(Madhya Pradesh), India 
Masiakasaurus Sampson, Carrano, et 
Forster, 2001 
M. knopfleri Sampson, Carrano, et Maevarano Formation Campanian Disarticulated remains of at 
Forster, 2001 (Majunga), Madagascar least 6 individuals, cranial 
and postcranial elements 
Noasaurus Bonaparte et Powell, 1980 
N. leali Bonaparte et Powell, 1980 Lecho Formation ?late Isolated skull elements, 
(Salta), Argentina Campanian- vertebral arch, pedal elements 
Maastrichtian 


Velocisaurus Bonaparte, 1991a 
V. unicus Bonaparte, 1991a 


Xenotarsosaurus Martinez, Gimenez, 
Rodriguez, et Bochatey, 1986 
X. bonapartei Martinez, Gimenez, 
Rodriguez, et Bochatey, 1986 
Ilokelesia Coria et Salgado, 1998a 
I. aguadagrandensis Coria et 
Salgado, 1998a 


Abelisaurus Bonaparte et Novas, 1985 
A. comahuensis Bonaparte et 
Novas, 1985 


Majungatholus Sues et Taquet, 1979 
M. atopus Sues et Taquet, 1979 


Carnotaurus Bonaparte, 1985 
C. sastrei Bonaparte, 1985 


Aucasaurus Coria, Chiappe, et 
Dingus, 2002 
A. garridoi Coria, Chiappe, et Dingus, 
2002 


Neoceratosauria incertae sedis 


Genusaurus Accarie, Beaudoin, Dejax, 
Friés, Michard, et Taquet, 1995 


G. sisteronis Accarie, Beaudoin, Dejax, 


Friés, Michard, et Taquet, 1995 
Indosaurus Huene et Matley, 1933 
I. matleyi Huene et Matley, 1933 


Indosuchus Huene et Matley, 1933 
I. raptorius Huene et Matley, 1933 


Rio Colorado Formation 
(Neuquén), Argentina 


Bajo Barreal Formation 
(Chubut), Argentina 


Rio Limay Formation 
(Neuquén), Argentina 


Rio Colorado Formation 
(Rio Negro), Argentina 


Maevarano Formation 
(Majunga), Madagascar 


La Colonia Formation 


(Chubut), Argentina 


Rio Colorado Formation 
(Neuquén), Argentina 


“Bevon” beds (Alpes-de- 
Haute-Provence), France 


Lameta Formation 
(Madhya Pradesh), India 


Lameta Formation 
(Madhya Pradesh), India 


Santonian or 
Santonian- 
early 
Campanian 


Cenomanian- 
Coniacian 
Cenomanian- 
early Turonian 
or Albian- 
Cenomanian 
Santonian or 
Santonian- 
early 
Campanian 
Campanian 


Campanian- 
Maastrichtian 


early 
Campanian 


Albian 


Maastrichtian 


Maastrichtian 


Partial hindlimb 


Vertebra, nearly complete 
hindlimb 


Partial skeleton 


Partial skull 


2 partial skeletons, including 
complete skull, one subadult 


Complete skeleton and skull 


Nearly complete skeleton 


Ilium, distal pubis, tibia, fibula, 
femur, tarsus, vertebra 


Partial skull, partial 
postcranium 


2 braincases, other cranial 
remains, nearly complete 
referred skeleton 


(continued) 


TABLE 3. 


I (CONTINUED) 


Occurrence 


Age Material 


Ligabueino Bonaparte, 1996b 
L. andesi Bonaparte, 1996b 


Majungasaurus Lavocat, 1955a 
M. crenatissimus (Depéret, 1896) 
(= Megalosaurus crenatissimus Depéret, 
1896) 
Ceratosauria incertae sedis 
Sarcosaurus Andrews, 1921 
S. woodi Andrews, 1921 


Tarascosaurus Le Loeuff et Buffetaut, 
1991 
T. salluvicus Le Loeuff et Buffetaut, 
1991 


La Amarga Formation 


Barremian or Vertebrae, pelvic elements, 


(Neuquén), Argentina Berriasian- femur, pedal phalanges 
Valanginian 
Maevarano Formation Campanian Partial mandible 


(Majunga), Madagascar 


Lower Lias (Leicestershire), 


England 


Unnamed unit (Var), France 


late Sinemurian Partial adult pelvis, femur, 


isolated vertebrae 


early Campanian Proximal femur, dorsal 


Nomina dubia 


Material 


Ceratosaurus roechlingi Janensch, 1925 
Coeluroides largus Huene, 1932 
Coelurus longicollis Cope, 1887 

(type of Longosaurus Welles, 1984) 
Dolichosuchus cristatus Huene, 1932 
Dryptosauroides grandis Huene, 1932 
Eucoelophysis baldwini Sullivan et Lucas, 1999 
Genyodectes serus Woodward, 1901 
Halticosaurus longotarsus Huene, 1907-8 
Jubbulpuria tenuis Huene et Matley, 1933 
Labrosaurus stechowi Janensch, 1925 
Labrosaurus sulcatus Marsh, 1896 
Lametasaurus indicus Matley, 1921 partim 
Liliensternus airelensis Cuny et Galton, 1993 
Ornithomimoides barasimlensis Huene et Matley, 1933 
Ornithomimoides mobilis Huene et Matley, 1933 
Orthogoniosaurus matleyi Das Gupta, 1931 
Pterospondylus trielbae Jaekel, 1913-14 
Sarcosaurus andrewsi Huene, 1932 
Tanystrophaeus posthumus Huene, 1907-8 

(type of Tanystrosuchus Kuhn, 1963) 
Tanystrophaeus willistoni Cope, 1887 
Velocipes guerichi Huene, 1932 


Quadrate, fibula, caudal vertebrae, astragalus 
Isolated vertebrae 
Cervical vertebrae 


Tibia 

Vertebrae 

Partial scapula, femora, tibia, pubis, vertebrae 
Premaxillae, partial dentaries 

Mandibular fragment, vertebrae, humerus, ilium, femur, metatarsal 
Vertebrae 

Isolated teeth 

Tooth 

Sacrum, ilia, tibia 

Tooth, vertebrae, partial pelvis 

Vertebrae 

Vertebrae 

Tooth 

Vertebra 

Tibia 

Caudal vertebra 


Tlium 
?Tibia 


Carr 1999). Juveniles range from hatchlings to near-adult-sized 
individuals but lack signs of cessation of growth; subadults are 
at nearly full size and show some but not all of the skeletal trans- 
formations that mark cessation of growth; and in adults the 
cessation of growth is indicated by a number of features. Adult 
features include closure of sutures in the braincase and the oc- 
cipital condyle; fusion between the atlantal centrum, the axial 
intercentrum, and the axial centrum; fusion of the midcervical 
ribs to their respective vertebrae; complete closure between ver- 
tebral neural arches and centra; a fused scapulocoracoid; fusion 
of the sacral and pelvic elements; fusion of the proximal tarsals 
to form an astragalocalcaneum; and in some coelophysoids, 
complete fusion of distal tarsal 3 to its metatarsal and proximal 
fusion of metatarsals II and III to each other. 
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Most adult neoceratosaurs are medium- to large-sized thero- 
pods, some probably attaining a length of 10 m. Coelophysoids 
are generally small- to medium-sized theropods, with most of 
the well-represented taxa 1-3 m in length, although at least one 
taxon (Dilophosaurus) rivals some neoceratosaurs in length. 
Coelophysoid adults exhibit pronounced dimorphism in those 
taxa known from samples of adequate sizes. It has been sug- 
gested that this is an expression of sexual differences (Colbert 
1990; Raath 1990). Robust individuals have shorter skulls and 
necks, more pronounced muscular insertions and processes on 
the limb bones, and more pronounced co-ossification in the 
pelves and tarsus. Gracile individuals have longer skulls and 
necks, lack hypertrophied muscular attachments, and exhibit 
less pronounced skeletal fusions. These differences are observed 


H 


FIGURE 3.1. Neoceratosaur skulls. A, B, Ceratosaurus nasicornis: A, left lateral, and B, right lateral views; C, Majungatholus atopus; D, Abelisaurus 
comahuensis; E, Carnotaurus sastrei; F, G: right maxilla of Noasaurus leali in F, lateral, and G, medial views; H, right dentary of Masiakasaurus knopfleri. 
Scale = 10 cm (A-E), 5 cm (F, G), 1 cm (H). (A, B, after Gilmore 1920; C after Sampson et al. 1998; D after Bonaparte and Novas 1985; E after Bona- 


parte et al. 1990; F, G, after Bonaparte 1991b; H after Sampson et al. 2001.) 


in adult individuals of comparable size, arguing against the 
interpretation that gracile individuals are merely juveniles. 


Skull and Mandible 


Neoceratosaur and coelophysoid skulls differ in overall form. 
The external cranial bones of abelisaurids are marked by exten- 


sive pitting and sculpturing, but no such sculpturing is found in 
Ceratosaurus or coelophysoids (figs. 3.1, 3.2). Neoceratosaur 
skulls are large and dorsoventrally deep with short preorbital 
proportions and a broad snout. The infratemproal fenestra is 
also large, often twice or more the size of the orbit. Coelo- 
physoids have low, long skulls that taper rostrally to a narrow 
tip. The length of the antorbital fenestra is equal to 25% or 
more of the length of the skull in Coelophysis, Syntarsus, and 
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FIGURE 3.2. Coelophysoid skulls in lateral view: A, B, Coelophysis bauri (B is reversed); C, D, Syntarsus kayentakatae; E, Dilophosaurus wetherilli; 
F, Syntarsus rhodesiensis, braincase in right lateral view. Scale = 5 cm (A-D), 10 cm (E), 2 cm (F). (A, B, after Colbert 1989; C, D, after Tykoski 1998; 


E after Welles 1984; F after Raath 1977, 1985.) 


Dilophosaurus wetherilli. Many, if not most, ceratosaurs bore 
some cranial ornamentation. A medial, flattened nasal horn is 
known in Ceratosaurus, as are hornlets arising from the lacrimals 
(Marsh 1884a; Gilmore 1920). Carnotaurus bears a pair of ro- 
bust supraorbital horns (Bonaparte et al. 1990). Majungatholus 
atopus possesses a single median frontal dome (Sampson et al. 
1998). Dilophosaurus has some of the most flamboyant of thero- 
pod headgear in the form of delicate, paired parasagittal crests 
(Welles 1984). Smaller parasagittal crests arise from the nasals 
of Syntarsus kayentakatae (Rowe 1989). Coelophysis lacked dor- 
sally located cranial ornamentation, but it bore laterally raised 
ridges along the dorsolateral margin of the lacrimal and nasal 
(Colbert 1989). 

The premaxilla in neoceratosaurs is deep below the external 
naris, especially in the abelisaurids, in which the rostral and 
caudal margins of the bone can be nearly parallel. The maxillary 
and palatal processes are reduced in size. The premaxilla of 
Ceratosaurus contains only three teeth, an unusual number for 
theropods. In coelophysoids the premaxilla is long and low, 
with an elongate maxillary process that loosely overrides the 
premaxillary process of the maxilla. There may have been some 
degree of mobility between these elements. The body of the pre- 
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maxilla and hence the alveoli lie entirely rostral to the border of 
the external naris in the latter clade. 

The maxilla is dorsoventrally deep in the larger neocerato- 
saurs (fig. 3.1) but less so in the noasaurids (fig. 3.1F, G). In lat- 
eral view the alveolar border is ventrally convex, except in Noa- 
saurus, in which the alveolar border is concave (Gilmore 1920; 
Bonaparte and Powell 1980; Bonaparte and Novas 1985; Bona- 
parte et al. 1990; Bonaparte 1991b; Chatterjee and Rudra 1996; 
Sampson et al. 1998; Madsen and Welles 2000; Lamanna et al. 
2002). The premaxillary (=rostral) process of the maxilla is short 
and dorsoventrally deep in Ceratosaurus and Majungatholus but 
virtually nonexistent in Carnotaurus and Abelisaurus, as well as 
in a maxilla from the Lameta Formation of India and a maxilla 
from the Bajo Barreal Formation of Argentina (fig. 3.1; Gilmore 
1920; Chatterjee 1978b; Bonaparte and Novas 1985; Sampson 
et al. 1998; Bonaparte et al. 1990; Madsen and Welles 2000; 
Lamanna et al. 2002). The maxillary dorsal process is short and 
nearly vertical in some neoceratosaurs, with little or no caudal 
direction (fig. 3.1; Lamanna et al. 2002). Abelisaurids have a 
strongly reduced maxillary antorbital fossa, but large fossae are 
found in Ceratosaurus and Noasaurus. The ventral border of the 
antorbital fossa is marked by a short, caudoventrally dipping 


ridge in Noasaurus that is superficially similar to the alveolar 
ridge of some coelophysoids (fig. 3.1F). The rostrodorsal margin 
of the maxillary antorbital fossa in Ceratosaurus is penetrated by 
distinct, deep pneumatic fossae. There is a small promaxillary 
fenestra (Witmer 1997a, 1997b) partially hidden in lateral view in 
Carnotaurus and Abelisaurus, in a maxilla from the Bajo Barreal 
Formation of Argentina, and perhaps in Majungatholus (Bona- 
parte and Novas 1985; Bonaparte et al. 1990; Sampson et al. 
1998; Lamanna et al. 2002). 

The coelophysoid maxilla is long and low and bears a broad 
maxillary antorbital fossa (fig. 3.2; Raath 1977; Welles 1984; 
Colbert 1989; Rowe 1989). There is a small, low rostral process 
in Coelophysis and Syntarsus that protrudes sharply from the 
base of the dorsal process. The premaxillary process is upcurved 
rostrally in these taxa and in Dilophosaurus, meeting the maxil- 
lary process of the premaxilla in a high position. This relation- 
ship creates a subnarial gap, or diastema, in the upper tooth row 
(Welles 1984). The dorsal process is long and has a sharp caudal 
orientation. A small promaxillary fenestra is tucked into the 
rostroventral corner of the maxillary antorbital fossa in Dilopho- 
saurus and Syntarsus kayentakatae (Welles 1984; Tykoski 1998). 
This opening is reportedly absent in Coelophysis and Syntarsus 
thodesiensis (Raath 1977; Colbert 1989). Coelophysis, Liliensternus 
liliensterni, and Syntarsus bear a sharply raised alveolar ridge sev- 
eral millimeters above the tooth row (fig. 3.2A-D). The ridge 
begins at the rostroventral corner of the maxillary antorbital 
fossa, above the fourth maxillary tooth, and it continues for the 
length of the maxilla, paralleling the alveolar border. The ridge 
also marks the ventral border of the large external antorbital fen- 
estra (sensu Witmer 1997a) in these taxa. 

The lacrimal forms the caudal and part of the dorsal border 
of the antorbital fenestra in Ceratosaurus but only the caudal 
border in the abelisaurids. It is broadly exposed on the skull roof. 
In Ceratosaurus the lacrimal is dorsally expanded into a pre- 
orbital brow horn (fig. 3.1A, B). The rostral (= nasal) process of 
the lacrimal is greatly reduced or nearly absent in Majungatholus 
and Carnotaurus (fig. 3.1C, E). The abelisaurid lacrimal is also 
distinctive for possessing a suborbital flange that intrudes cau- 
dally into the orbital border. Caudally and dorsally the abeli- 
saurid lacrimal makes contact with the postorbital, dorsally 
roofing the orbit (fig. 3.1C-E). In coelophysids the lacrimal has 
along rostral process, as long as or longer than its ventral process 
(fig. 3.2). The ventral ramus bears a large, triangular lacrimal 
antorbital fossa in Syntarsus and in some Coelophysis. In Dilopho- 
saurus wetherilli the lacrimal evidently contributes significantly 
to the parasagittal crests (Welles 1984). 

The nasals of neoceratosaurs are modified in a variety of 
ways. Protuberances of the right and left nasals fuse along the 
midline to form the nasal horn of adult Ceratosaurus (fig. 3.1A, 
B; Madsen and Welles 2000). The rostral end of the nasal is 
laterally convex caudal to the external naris. In abelisaurids the 
nasals are fused, have a rugose external texture, and border the 
internal antorbital fenestra (fig. 3.1C-E). In at least Majungatho- 
lus the nasals are filled with pneumatic spaces that communi- 
cate with a large foramen in the rostrolateral edge of the bone 
(Sampson et al. 1998). Coelophysoid nasals are thin and rarely 
preserved intact. They abut the prefrontals and frontals in a 
squamous articulation in Coelophysis and Syntarsus (Raath 1977; 
Colbert 1989; Rowe 1989). In Dilophosaurus the nasals report- 
edly contribute in part to the cranial crests (Welles 1984). The 
smaller cranial crests of Syntarsus kayentakatae are derived en- 
tirely from the nasals (Tykoski 1998). In both Syntarsus species 
the nasal, prefrontal, and frontal bound a diamond-shaped nasal 
fenestra on the dorsal skull surface, an opening absent in other 


ceratosaurs (Raath 1977; Rowe 1989). Coelophysis lacks dorsally 
placed cranial crests. However, the lateral margins of the nasals 
and perhaps also the lacrimals form low ridges over the ant- 
orbital cavity. 

Neoceratosaur frontals are fused to each other and also to 
the unified parietals. In Carnotaurus sastrei the frontal forms 
large, laterally projecting supraorbital horns (Bonaparte et al. 
1990). The frontal of Majungatholus bears a median bony dome 
or horn core; the isolated holotypic Majungatholus frontal dome 
was originally misidentified as belonging to a pachycephalosaur 
(Sues and Taquet 1979). The parietals in abelisaurids are fused, 
and between the supratemporal fenestrae they narrow to forma 
small sagittal crest. Caudal to this the parietals project sharply 
upward, forming a large parietal eminence. The eminence rises 
high above the dorsal skull roof in Carnotaurus and Majungatho- 
lus but less so in Abelisaurus (Bonaparte and Novas 1985; Bona- 
parte et al. 1990; Sampson et al. 1998). The large parietal trans- 
verse crests form a powerful nuchal crest. Coelophysoids are less 
derived with regard to these elements. The frontals abut one 
another, and each interdigitates with a parietal behind the orbit 
in Coelophysis and Syntarsus. There is a strongly interdigitating 
suture with the postorbital. The parietals form the roof of the 
neurocranium, where they only abut the laterosphenoids, the 
prootics, and the opisthotics ventrally. Caudally the parietals 
flare out to form large transverse parietal crests that in turn form 
the dorsolateral margins of the occipital plate. 

The suborbital process of the abelisaurid postorbital pro- 
jects rostrally into the orbital border, partially flooring the orbit 
(fig. 3.1C-E). Together with the suborbital flange of the lacrimal, 
it creates a keyhole-shaped orbital opening. The squamosal is 
small, has a rodlike ventral process, and slopes caudoventrally. 
The quadrate of Ceratosaurus and abelisaurids is tall and slopes 
caudoventrally, placing the quadrate-articular contact far cau- 
dal to the occipital condyle (Britt et al. 2000), which increases 
the breadth of the infratemporal fenestra, especially ventrally. 
The quadratojugal fuses to the lateral margin of the quadrate, 
and there is no quadrate foramen in the abelisaurids. Coelo- 
physoids have a looser connection between the bones of the 
cheek region. The postorbital is triradiate, with a long, narrow 
ventral (=jugal) process. The jugal is also a triradiate element. Its 
rostral process does not reach the border of the antorbital fenes- 
tra in Coelophysis and Syntarsus, but it contributes significantly 
to the antorbital opening in Dilophosaurus. The jugal does con- 
tact the rim of the antorbital fossa in Syntarsus and Coelophysis. 
The jugal is marked laterally in the latter taxa by a raised ridge 
that is continuous with the alveolar ridge of the maxilla. The 
caudal process of the jugal is long and rodlike in Coelophysis and 
Syntarsus, an unusual condition within Theropoda (Tykoski 1998). 
The quadrate is tall, but it does not slope as caudoventrally as in 
neoceratosaurs. 

The neoceratosaur palate is little known, with good three- 
dimensionally preserved material only known from Majungath- 
olus (Sampson et al. 1998). However, a detailed description of 
this material has yet to be published. The coelophysoid palate is 
not much better known. Most data come from disarticulated 
Syntarsus rhodesiensis or from flattened Coelophysis (Raath 1977; 
Colbert 1989). Vomers are definitively known only from Coelo- 
physis, in which they fuse rostrally as in most other theropods. 
The vomer, the maxilla, and the palatine form the borders of the 
rostral palatal vacuity. The ectopterygoid is expanded and bears 
a fossa on its ventral surface. The pterygoid is longitudinally 
braced along the midline. It projects far rostrally to meet the 
palatine and the vomer. The pterygoids are separated medially 
from each other for most of their length, perhaps contacting 
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only at their rostral tips. Contact with the basipterygoid processes 
was apparently synovial and probably allowed some degree of 
flexibility. 

The braincase is preserved in several neoceratosaurs. Indeed, 
Indosuchus raptorius is based on isolated braincase material, al- 
though more complete material has been referred to it (Huene 
and Matley 1933; Chatterjee 1978b; Chatterjee and Rudra 1996). 
However, few neoceratosaur braincases have been described at 
this time. The rostral surface of the braincase is ossified in Cer- 
atosaurus, and a large interorbital septum is known (Madsen and 
Welles 2000). The paroccipital processes are large and sharply 
backturned, and they have expanded distal ends (Madsen and 
Welles 2000). In abelisaurids the processes are short and later- 
ally directed (Bonaparte et al. 1990; Sampson et al. 1998). The 
basisphenoid of Ceratosaurus is not as dorsoventrally tall as in 
the tetanurans Allosaurus fragilis and Acrocanthosaurus atokensis 
(Stovall and Langston 1950; Madsen 1976a; Chure and Madsen 
1998). Shallow lateral excavations on the basipterygoid processes 
lead up and under the prootic crest (i.e., crista prootica). Ven- 
trally, the basisphenoidal recess (= basisphenoidal fontanelle) is 
small and shallow. The basioccipital, in addition to forming 
most of the occipital condyle, forms a broad surface ventral to 
the condyle as it descends to the basal tubera. 

Among coelophysoids, the braincase is known in Dilopho- 
saurus, Coelophysis, and both Syntarsus taxa (fig. 3.2F; Raath 
1977, 1985; Welles 1984; Rowe 1989; Tykoski 1998). Study of the 
region is difficult in Coelophysis because of crushing. To date, 
few useful systematic data have been derived from this region. 
The use of high-resolution X-ray computed tomography (CT) 
scanning techniques (Rowe et al. 1995, 1999; Rowe et al. 1997b; 
Tykoski 1998) should enable more detailed examination of brain- 
cases inaccessible by standard methods. 

The paroccipital process is formed mainly by the opisthotic, 
with a small contribution from the prootic rostrally and by the 
exoccipital caudally. The tympanic cavity, recessed deeply be- 
neath the paroccipital process, is divided into rostral and caudal 
chambers by a curved septum, the crista interfenestralis, which 
descends from the prootic. Caudal to the septum is the large 
metotic fissure, passageway for cranial nerves IX, X, and XI. 
Rostral to the septum is a smaller depression that houses a pair 
of small foramina, the foramen ovalis dorsally and the foramen 
pseudorotunda ventrally (Raath 1985; Tykoski 1998). The ba- 
sisphenoid is the largest element in the braincase. In Syntarsus 
the basipterygoid process is marked by a shallow lateral sulcus 
leading dorsally to a large foramen partially hidden by the over- 
lapping prootic crest (fig. 3.2F; Raath 1977, 1985; Tykoski 1998). 
CT scans of Syntarsus kayentakatae show that the foramen opens 
into a large pneumatic cavity. The internal carotid probably 
passed through this foramen as well. Ventrally the basisphenoid 
is excavated by a large but shallow basisphenoidal recess. Al- 
though a possible epiotic was reported in the dorsolateral wall 
of the braincase in Dilophosaurus (Welles 1984), no such element 
has been reported in any other ceratosaur. 

The lower jaw of neoceratosaurs possesses a number of dis- 
tinctive features. The dentary curves rostrodorsally in Carno- 
taurus (fig. 3.1E) andina large individual of Ceratosaurus referred 
to C. dentisulcatus by Madsen and Welles (2000; see also Bona- 
parte et al. 1990). The noasaurid Masiakasaurus possesses a 
highly derived condition of the dentary that includes procum- 
bent rostral dentition and pronounced heterodonty in the lower 
jaw (fig. 3.1H; Sampson et al. 2001). The dentary of abelisauroids 
has a loose articulation with the postdentary bones, with little 
overlap between elements at the inframandibular joint. The 
dentary also receives a rostral prong from the surangular in a 
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distinctive dorsocaudal socket (fig. 3.1C, E, H; Bonaparte et 
al. 1990; Sampson et al. 1998; Sampson et al. 2001; Carrano et al. 
2002). The external mandibular fenestra is large in abelisauroids 
(fig. 3.1C, E). This region is not well preserved in Ceratosaurus 
nasicornis (fig. 3.1A, B). An ossified hyoid corpus and a single 
pair of ceratobranchial rods are preserved in Carnotaurus (Bona- 
parte et al. 1990). 

Coelophysoids also possess unique features in the lower jaw. 
The rostral tip of the dentary is dorsally raised, elevating the 
mesial three to four dentary teeth relative to the remaining 
tooth row (fig. 3.2B-E). The third or fourth dentary tooth is 
slightly enlarged in Syntarsus, Dilophosaurus, and Coelophysis 
(Raath 1977; Welles 1984; Colbert 1989; Rowe 1989; Tykoski 
1998), presumably fitting into the subnarial gap in the upper 
jaw of these taxa. The external mandibular fenestra is large in 
Coelophysis and Syntarsus but small in Dilophosaurus (Raath 1977; 
Welles 1984; Colbert 1989; Rowe 1989). A single pair of long, 
curved ceratobranchial rods is known in Coelophysis and Syntar- 
sus (fig. 3.2C). 

The upper teeth of Ceratosaurus are large and bladelike, 
proportionally larger than those of the contemporaneous teta- 
nuran Allosaurus (Gilmore 1920; Madsen and Welles 2000). The 
lower teeth are also large. In contrast, the tooth crowns of 
some abelisaurids (Majungatholus, abelisaurid maxillae from 
India and Argentina) are surprisingly low, their height only about 
1.5 times the mesiodistal base width (Lamanna et al. 2002). The 
interdental plates are fused to one another in neoceratosaurs 
(as in some tetanuran taxa), and in at least some abelisauroids 
they also bear conspicuous striae (Sampson et al. 1996; Lamanna 
et al. 2002; Carrano et al. 2002). Dorsal to the interdental plates 
of Noasaurus and Masiakasaurus is a distinct longitudinal groove 
(fig. 3.1G). Masiakasaurus is unique among known theropods 
in having strongly procumbent, asymmetrical mesial dentary 
teeth (fig. 3.1H). This taxon and Noasaurus are also unusual in 
possessing ten or fewer maxillary teeth (Bonaparte and Powell 
1980; Bonaparte 1991b; Sampson et al. 2001; Carrano et al. 
2002). 

Coelophysoids also have heterodont dentition, but not nearly 
to the extreme seen in Masiakasaurus. The premaxillary teeth 
in Coelophysidae, elliptical to nearly circular in cross section, 
show little, if any, curvature and bear few to no serrations. In 
Syntarsus kayentakatae the mesial two premaxillary teeth com- 
pletely lack carinae, while the third and fourth premaxillary 
teeth bear faint mesial and distal carinae but no serrations 
(Tykoski 1998). Similar conditions are described for S. rhodesien- 
sis and Coelophysis (Raath 1977; Colbert 1989). The most mesial 
dentary teeth of coelophysids are generally similar to the pre- 
maxillary teeth. In Dilophosaurus, serrations are on at least the 
second and third premaxillary teeth but absent from the fourth 
(Welles 1984). The maxillary and more distal dentary teeth are 
linguolabially flattened, strongly recurved, and serrated. The 
largest maxillary tooth lies in or near the fourth alveolus, with 
crown height diminishing distally. The most mesial maxillary 
tooth projects slightly rostrally from its alveolus, a consequence 
of the upturned ventral border of the premaxillary process. As 
reconstructed, the maxillary tooth row terminates before the 
orbit in Dilophosaurus wetherilli and Syntarsus rhodesiensis, but 
these reconstructions were based on disarticulated material and 
have not been confirmed in articulated material (Raath 1977; 
Welles 1984). The tooth row terminates below the orbit in all 
articulated coelophysoid skulls. Dilophosaurus is reported to have 
12 maxillary teeth and 17 or 18 dentary teeth (Welles 1984). Syn- 
tarsus rhodesiensis and Syntarsus kayentakatae have 20 maxillary 
teeth, and the former has 25 dentary teeth; the number of den- 


tary teeth in S. kayentakatae is not known (Raath 1977; Rowe 
1989; Tykoski 1998). Coelophysis bauri has up to 26 maxillary 
and 27 dentary teeth (Colbert 1989). 


Postcranial Skeleton 


AXIAL SKELETON 


At least 20 presacral vertebrae are known in Ceratosaurus, but 
there are breaks in the column (Gilmore 1920; Madsen and 
Welles 2000). Carnotaurus has 22 presacrals, the last with co- 
ossification between its postzygapophyses and the following 
sacral vertebra (Bonaparte et al. 1990). Sixteen to 17 presacrals 
are known for Elaphrosaurus bambergi, with gaps in both the 
cervical and dorsal sections (Janensch 1925). Twenty-four pre- 
sacrals are reported in Dilophosaurus wetherilli, but 23 may be the 
actual number, as Welles (1984) identified only 4 sacral vertebrae. 
There are 23 presacrals in both Coelophysis and Syntarsus rhode- 
siensis, identified as 10 cervicals and 13 dorsals (Raath 1969, 
1977; Colbert 1989). Other ceratosaurs are too incomplete to 
allow an accurate presacral vertebral count. Welles (1984) labeled 
the tenth cervical and first four dorsal vertebrae in Dilophosaurus 
as pectorals, recognized by the position of the parapophysis 
straddling the neurocentral suture. The same convention was 
used by Madsen and Welles (2000). This convention has not been 
widely adopted, and we divide the theropod presacral series into 
only cervical and dorsal regions. The division between the two 
is recognized by the shift of the parapophysis from the ventro- 
lateral margin of the centrum to a position nearly or completely 
on the neural arch. Marked changes in vertebral and rib mor- 
phology roughly correspond to this transition. 

Given the criteria above, ceratosaurs possess ten cervical 
vertebrae, with strongly offset cranial and caudal articular sur- 
faces forming an S-curved neck. Masiakasaurus may be an ex- 
ception, as the articular faces are not offset in that taxon (Samp- 
son et al. 2001). The cervical centra of Ceratosaurus, abelisaurids, 
and Dilophosaurus are deeply concave caudally (Gilmore 1920; 
Welles 1984; Bonaparte et al. 1990). The cranial articular sur- 
faces are flat to weakly convex in Ceratosaurus and Dilophosaurus 
(fig. 3.3A-D, M, N). The cranial convexity of the cervicals is 
more pronounced in Carnotaurus and Majungatholus, but the 
articulations between the cervical vertebrae are not as strongly 
developed as in many large tetanurans (fig. 3.3F-H; Gilmore 
1920; Madsen 1976a; Welles 1984; Bonaparte et al. 1990; Britt 
1991; Sampson et al. 1998). The cervical centra are weakly am- 
phicoelous in Coelophysis, Elaphrosaurus, Liliensternus, and Syn- 
tarsus (fig. 3.3E, R). 

Ceratosaurs possess a double pair of pleurocoels (= pneu- 
matic fossa and/or foramen) in the cervical centra, one pair 
positioned cranially and the other caudally. Neoceratosaurs 
and coelophysoids differ in the structure and degree of develop- 
ment of the pleurocoels. Neoceratosaurs (except Elaphrosaurus) 
have two small foramina penetrating the lateral centrum surface 
leading to cavities within the centrum (fig. 3.3B-D, F-H). This 
structure is generally similar to that in tetanuran theropods, 
although there is only a single, larger foramen in the latter. The 
paired foramina are larger in the axis of Ceratosaurus and Carno- 
taurus than in subsequent cervicals (fig. 3.3B, F). No pneumatic 
foramina or fossae are found in the cervical centra of Masiaka- 
saurus (Sampson et al. 2001; Carrano et al. 2002). In coelo- 
physoids and Elaphrosaurus the pleurocoels are deep pockets 
and fossae excavated into the sides of the centra (fig. 3.3E, M-N, 
R). In at least cervicals 4-6 of Dilophosaurus the right- and left- 


side pleurocoels communicate with each other (Welles 1984; 
Rowe and Gauthier 1990). The borders of the caudal pleurocoel 
can sometimes be indistinct, leading to claims that this char- 
acter is absent in some taxa (Colbert 1989; Cuny and Galton 
1993). The cranial pleurocoel is often obscured in lateral view 
in individuals with fused cervical ribs (fig. 3.3H, R). 

No proatlas arch is reported in any ceratosaur. The atlantal 
intercentrum is crescentic, bearing a deep fossa on its cranial 
surface for articulation with the occipital condyle. Neura- 
pophyses are known in Carnotaurus, Ceratosaurus, Coelophysis, 
Majungatholus, Dilophosaurus, and Syntarsus (Gilmore 1920; Raath 
1977; Welles 1984; Colbert 1989; Rowe 1989; Bonaparte et al. 
1990; Madsen and Welles 2000). They are fused to the atlantal 
intercentrum in Carnotaurus and Majungatholus (Bonaparte et al. 
1990). In adults the atlantal centrum fuses to the axial centrum 
to form a strong odontoid process, and the axial intercentum 
fuses to the axial centrum and the atlantal centrum. The axial 
transverse processes and diapophyseal facets are small in Carno- 
taurus and Ceratosaurus and absent in coelophysoids (Gilmore 
1920; Bonaparte et al. 1990). Ceratosaurus and the abelisaurids 
also possess a pneumatic foramen (or foramina) in the axial neu- 
ral arch caudal or caudoventral to the diapophysis, as do Teta- 
nurae (fig. 3.3B, F; Madsen 1976a). Axial pleurocoels are absent 
in coelophysoids (fig. 3.3M). The axial neural spine is broad and 
bladelike, and there is no spine table. The axis bears a strong 
ventral keel in Ceratosaurus, Coelophysis, and Syntarsus (Gilmore 
1920; Raath 1977; Colbert 1989; Tykoski 1998). 

The postaxial cervical vertebrae differ greatly between most 
neoceratosaurs and coelophysoids. In Ceratosaurus the mid- 
cervical centra are roughly as long as they are tall, with sharply 
downturned transverse processes and tall neural spines (fig. 3.3C, 
D). The zygapophyses are large, and there are robust epipo- 
physes projecting above and beyond the postzygapophyses. 
The centra become craniocaudally shorter, and the transverse 
processes become larger and more laterally directed along 
the cervical series. In Carnotaurus, Majungatholus, Noasaurus, 
and Masiakasaurus the cervical neural spines are small, but the 
epipophyses are exceptionally large, extending caudodorsally 
above the top of the neural spines (fig. 3.3G, H). Carnotaurus, 
Noasaurus, and reportedly Ilokelesia also possess cranially di- 
rected spines on the tips of the epipophyses (fig. 3.3H; Bona- 
parte and Powell 1980; Bonaparte et al. 1990; Coria and Salgado 
1998b). The cervical neural arches of Ceratosaurus and the 
abelisauroids are perforated by additional pneumatic foramina. 
The degree of arch pneumaticity increases caudally into the 
dorsal vertebrae of abelisaurids, as expressed by increasing num- 
bers of foramina and fossae in the arch ventral to the transverse 
processes. 

The postaxial cervicals in Coelophysoidea and Elaphrosaurus 
are proportionally longer and lower than in most other thero- 
pods. The centra increase in length caudally to the sixth or sev- 
enth vertebra, which in Coelophysis and Syntarsus are three or 
more times longer than tall. The third cervical retains a strong 
ventral keel, but this feature weakens or disappears in successive 
vertebrae. The neural arches are low and elongate, with low neu- 
ral spines that may run the length of the arch. In coelophysoids 
the transverse processes are directed ventrally and _ latero- 
ventrally, forming broad triangular sheets lateral to the cen- 
trum. Large, pronglike epipophyses project caudally beyond the 
postzygapophyses (fig. 3.3R). In Coelophysis and Syntarsus large 
triangular openings on the lateral surfaces of the arch pedicles 
are craniolateral to the postzygapophyses (Colbert 1989; 
Tykoski 1998). Each opening leads to a large pneumatic cavity 
within the arch pedicle that is both lateral and parallel to the 
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FIGURE 3.3. Vertebrae. A-D, Ceratosaurus nasicornis: A, atlas; B, axis; C, third cervical; D, sixth cervical. E, Elaphrosaurus bambergi, seventh 
cervical. F-L, Carnotaurus sastrei: F, axis; G, third cervical; H, sixth cervical; I, fourth dorsal; J, eighth dorsal; K, first caudal; L, sixth caudal arch. 
M-O, Dilophosaurus wetherilli: M, atlas and axis; N, sixth cervical; O, seventh dorsal. P-Q, Syntarsus rhodesiensis: P, second dorsal; Q, fifth dorsal; 
R, Syntarsus kayentakatae, third, fourth, sixth, and seventh cervicals and ribs. Scale = 5 cm (A-O), 1 cm (P, Q), 2 cm (R). (A-D after Gilmore 1920; 
E after Janensch 1925; F-L after Bonaparte et al. 1990; M-O after Welles 1984; P-Q after Raath 1977.) 


neural canal. Coelophysis bauri also has a cranial opening for the 
cavity, caudolateral to the prezygapophysis (Colbert 1989). 
Atlantal and axial ribs are found in Carnotaurus, Coelophysis, 
and Syntarsus (Rowe 1989; Bonaparte et al. 1990; Rowe and Gau- 
thier 1990). They are single-headed, lack a tuberculum, and ar- 
ticulate weakly with the parapophyses. The atlantal and axial 
ribs are not preserved in Ceratosaurus, but the parapophysis is 
as developed as in Carnotaurus. The postaxial cervical ribs are 
bicapitate, with a large capitulum and smaller tuberculum. A 
sharp spine projects a short distance cranially beyond the rib 
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heads. The cervical ribs are long and straight, extending cau- 
dally at least three vertebrae beyond their origin in Coelophysis, 
four in Carnotaurus, Majungatholus, and Syntarsus rhodesiensis, 
and five to six in Syntarsus kayentakatae (fig. 3.3R; Raath 1977; 
Colbert 1989; Bonaparte et al. 1990; Sampson et al. 1998; Tykoski 
1998). The cervical rib shaft may be only 1-2 mm thick for most 
of its length. As many as three of these delicate shafts can over- 
lap to form rib bundles paralleling the cervical column. There 
is a distinct morphological change in the more caudal cervical 
ribs: they become shorter, thicker, and caudoventrally angled. 


The midcervical ribs fuse to their respective centra by adult- 
hood in Coelophysis, Syntarsus, Elaphrosaurus, and Ceratosaurus 
(fig. 3.3H, R; Janensch 1925; Raath 1977; Colbert 1989; Rowe 
1989; Tykoski 1998; Madsen and Welles 2000:pls. 6, 15). 

In addition to the dorsal shift of the parapophysis, dorsal ver- 
tebrae are marked by loss of the epipophyses, more laterally or 
dorsally directed transverse processes, and increased size of the 
neural spines. Ceratosaurus dorsal centra are about as long as 
the neural spines are tall. The parapophyses are borne at the 
ends of laterally projecting stalks in the cranial and mid-dorsal 
series of Ceratosaurus, Carnotaurus, and Majungatholus (fig. 3.3]; 
Gilmore 1920; Bonaparte et al. 1990; Britt 1991; Sampson et al. 
1998; Madsen and Welles 2000). The dorsal transverse processes 
are subtriangular to strongly triangular in dorsal view in coelo- 
physoids (fig. 3.3P, Q), probably Ceratosaurus (Britt 1991:fig. 25), 
and Majungatholus (O’Connor and Sampson 1998). The expres- 
sion of this morphology varies through the dorsal series, espe- 
cially caudally, where the parapophysis moves from the infra- 
diapophyseal lamina to a position on the cranial edge of the 
transverse process. The centra of the caudal dorsals in Syntarsus 
and Coelophysis are elongate, being twice as longas tall (fig. 3.3Q). 
The dorsal ribs have a thin web of bone connecting the capitu- 
lum and tuberculum. In Ceratosaurus the proximal end of the rib 
is pierced medially by a pneumatic foramen (Madsen and Welles 
2000). Similar pneumatic foramina are found in Majungatholus 
(Sampson et al. 1998). 

There are five vertebrae in the coelophysoid sacrum, six in 
Ceratosaurus and Elaphrosaurus, and either six or seven in Carno- 
taurus (fig. 3.4A, B, D; Gilmore 1920; Janensch 1925; Raath 1977; 
Colbert 1989; Rowe 1989; Bonaparte et al. 1990; Rowe and Gau- 
thier 1990; Tykoski 1998). As in tetanuran theropods, the sacral 
count is increased from three to five by incorporation of a second 
caudosacral and a dorsosacral. The low presacral vertebral count 
in Carnotaurus (only 22 vertebrae) indicates that the most cau- 
dal dorsal was incorporated into the sacral series as a second 
dorsosacral (fig. 3.4A). The sacral count likely increased in a sim- 
ilar fashion in Ceratosaurus and Elaphrosaurus (Gilmore 1920; 
Janensch 1925). However, the position of vertebrae bearing both 
sacral ribs and transverse processes suggests that the sacral count 
was increased by incorporation of a third caudosacral (fig. 3.4A). 
The postzygapophyses of the last dorsal (presacral 22) in Carno- 
taurus show some co-ossification with the first in the sacral se- 
ries, but the rest of the neural arch, the neural spine, and the 
centrum remain free (Bonaparte et al. 1990). Small juvenile 
Coelophysis and Syntarsus may have only four sacrals (Raath 1977, 
1990; Colbert 1989). Reports of only four sacrals in Dilopho- 
saurus and Liliensternus (Huene 1934a; Welles 1984; Cuny and 
Galton 1993) are based on subadult or incomplete individuals as 
indicated by other size-independent ontogenetic criteria. 

Sacral ribs project from the craniodorsal margin of the cen- 
tra (Raath 1969, 1977; Welles 1984; Tykoski 1998). Four sacral 
ribs are known in Carnotaurus, the first being the largest and the 
most ventrally positioned (fig. 3.4A; Bonaparte et al. 1990). In 
Syntarsus, Coelophysis, and an as yet unnamed taxon from the 
Kayenta Formation of Arizona the third sacral rib (from caudo- 
sacral 1) is the largest and most ventrally positioned (fig. 3.4B; 
Tykoski 1998). The transverse processes contact the ilia on all the 
sacral vertebrae (fig. 3.4A-C). The sacral ribs and transverse pro- 
cesses are connected by vertical, transversely oriented laminae 
that further strengthen the synsacrum (fig. 3.4A, B). The sacral 
neural arches are perforated by large pneumatic foramina be- 
tween the vertical laminae in Carnotaurus (fig. 3.4A). 

Adult sacrals are so extensively fused in ceratosaurs that su- 
tures between centra are obliterated and only swellings indicate 
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FIGURE 3.4. Sacra. A, Carnotaurus sastrei in lateral view; B, unnamed 
coelophysoid taxon from the Kayenta Formation of Arizona in left lat- 
eral view; C, D, Syntarsus rhodesiensis: sacrum and ilia in C, dorsal, and 
D, ventral views. Crosshatching indicates sectioned or broken bone. 
Scale = 10 cm (A), 1 cm (B), 5 cm (C, D). (A after Bonaparte et al. 1990; 
C, D, after Raath 1977, 1990.) 


where articular surfaces meet. The diameters of the midsacral 
centra are strongly reduced in Carnotaurus and Ceratosaurus, 
and the middle of the sacrum arches dorsally in these taxa and 
Elaphrosaurus (Gilmore 1920; Janensch 1925; Bonaparte et al. 
1990). The neural arches, neural spines, transverse processes, 
and sacral ribs coalesce over the length of the sacrum. In Ela- 
phrosaurus, Syntarsus, and the aforementioned Kayenta Forma- 
tion taxon the transverse processes of the sacrals form a single 
horizontal sheet of bone (fig. 3.4B, C; Janensch 1925; Raath 
1969, 1977, 1990). The sacral ribs and transverse processes fuse 
extensively to the medial wall of the ilium. The resulting syn- 
sacrum is analogous to the condition in ornithurine birds. 

The exact number of caudal vertebrae is not known for 
most ceratosaurs. Coelophysis and Syntarsus are reported to have 
40 caudals, 44 were preserved and three reconstructed in Dilopho- 
saurus, and Ceratosaurus is estimated to have 50 (Gilmore 1920; 
Raath 1977; Welles 1984; Colbert 1989). The ventral surface of 
the proximal caudals bears a sharp longitudinal groove in 
Ceratosaurus, Dilophosaurus, Coelophysis, Syntarsus, Liliensternus, 
and Elaphrosaurus (Janensch 1925; Huene 1934a; Madsen 1976a; 


CERATOSAURIA 57 


A B 


FIGURE 3.5. Pectoral girdles: A, Ceratosaurus, right scapulocoracoid in lateral view; B, Carnotaurus, left 
scapulocoracoid in lateral view; C, Dilophosaurus wetherilli, left scapulocoracoid in lateral view; D, Syntar- 
sus kayentakatae, left scapulocoracoid in lateral view; E, Syntarsus kayentakatae, reconstructed furcula in 
cranial view. Scale = 10 cm (A, B), 5 cm (C, D), 1 cm (E). (A after Madsen and Welles 2000; B after Bonaparte 


et al. 1990; C after Welles 1984.) 


Raath 1977; Welles 1984; Rowe and Gauthier 1990; Britt 1991; 
Tykoski 1998). The neural spines and arches of Ceratosaurus are 
tall, and the chevrons are proportionally long, resulting in a 
deep lateral profile to the tail. The caudals of Jlokelesia and the 
abelisaurid Carnotaurus are highly distinctive in the form of the 
transverse processes. In the proximal caudals of these taxa and 
perhaps other abelisauroids the transverse processes are dorso- 
laterally directed, and the lateral tips bear cranially directed, 
spinelike processes (fig. 3.3K, L; Bonaparte et al. 1990; Coria and 
Salgado 1998a). When articulated, these tips may have over- 
lapped the transverse processes of preceding vertebrae, helping 
to brace the tail in a manner unique among theropods. The first 
caudal also bears these proximal projections, which, given the 
location of the vertebra, may have articulated with or over- 
lapped the notched, concave caudal rim of the ilium seen in 
Carnotaurus and Majungatholus (Bonaparte et al. 1990; Sampson 
et al. 1998). 

Among coelophysoids the diameter of the caudal vertebrae 
diminishes distally, but the overall length of the centrum re- 
mains nearly the same. This results in middistal to distal caudals 
that can be as much as four times longer than tall. The neural 
arches and spines become reduced in size after approximately 
the fifteenth vertebra, and the neural spines shift to a position 
on the caudal portion of the arch. Midway down the caudal series 
the spines disappear, and the arches are composed of only a low 
neural canal and the zygapophyses. The proximal transverse 
processes are broader laterally than at their base, but distally 
they become craniocaudally narrower and shorter, diminish- 
ing and eventually disappearing, marking the transition point 
roughly halfway down the tail. 


APPENDICULAR SKELETON 


Among neoceratosaurs, complete pectoral girdles are described 
for Ceratosaurus, Carnotaurus, and Elaphrosaurus (Gilmore 1920; 
Janensch 1925; Bonaparte et al. 1990; Madsen and Welles 2000). 
The cranial margins of the scapula and coracoid and the distal 
end of the scapula are missing in Elaphrosaurus. The reconstruc- 
tion of the missing parts (Janensch 1929a) is unusually broad 
and probably does not accurately reflect the morphology of these 
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elements. The scapula and coracoid are fused in Ceratosaurus and 
Carnotaurus (fig. 3.5A, B). The cranial margin of the resulting 
scapulocoracoid is smoothly rounded, lacking any notch or 
interruption in the margin at the scapulocoracoid suture. The 
scapular blade is long and increases in craniocaudal width 
only slightly toward the distal end. In Ceratosaurus the axis of 
the scapular blade curves cranially, so it is concave cranially 
and convex caudally in lateral view (fig. 3.5A). There is a small 
acromion process in Ceratosaurus. The preglenoid fossa is strongly 
expressed, and the coracoid foramen is large and passes dorso- 
medially through the coracoid. The caudoventral process is 
short and bluntly rounded (fig. 3.5A). The scapulocoracoid of 
Carnotaurus also has an unexpanded blade (fig. 3.5B; Bona- 
parte et al. 1990). The proximal scapula and coracoid are greatly 
broadened, resulting in a large acromion process. The coracoid 
also hasa large, pointed caudoventral process below the glenoid. 
A small piece of bone associated with the right scapulocoracoid 
of Carnotaurus was identified as a clavicle (Bonaparte et al. 1990). 
The coelophysoid scapula and coracoid also fuse in adults, 
with visible sutures or separation of elements indicating im- 
maturity (fig. 3.5C, D). The scapula has an expanded distal blade, 
but in Liliensternus, Gojirasaurus, Coelophysis, and Syntarsus the 
caudal margin of the blade is straight for most of its length, curv- 
ing caudally only at the distal tip (fig. 3.5D; Huene 1934a; Raath 
1969, 1977; Parrish and Carpenter 1986; Carpenter 1997a). The 
coracoid has a short, rounded caudoventral process below the 
glenoid fossa. The distal scapular expansion is uniquely rectan- 
gular in Dilophosaurus wetherilli (fig. 3.5C; Welles 1984). The 
clavicles are fused at the midline in Syntarsus, Segisaurus, and re- 
portedly some Coelophysis, forming a furcula (fig. 3.5E; Tykoski 
1998; Downs 2000; Senter and Hutchinson 2001; Tykoski et al. 
2002). The presence of the furcula in coelophysoids represents 
the earliest known occurrence of this element in Theropoda. 
The humerus is highly variable among neoceratosaurs (fig. 
3.6A-C). In general, humeri are straight-shafted and lack most 
of the sigmoid curvature and torsion seen in coelophysoids 
and more derived tetanurans, such as Allosaurus (Janensch 1925; 
Madsen 1976a; Welles 1984; Bonaparte et al. 1990; Madsen 
and Welles 2000; Sampson et al. 2001). However, this straight- 
shafted condition is reminiscent of that in some basal tetanuran 
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FIGURE 3.6. Forelimbs. A, B, Ceratosaurus: left humerus in A, cranial, and B, caudal views; C, Carnotaurus, 
right humerus in cranial view; D-F, Dilophosaurus wetherilli: left humerus in D, cranial, E, lateral, and 

F, proximal views; G, Coelophysis bauri, small right forelimb in craniolateral view; H, Ceratosaurus nasi- 
cornis, articulated left forearm and manus elements in dorsal view; I, Carnotaurus sastrei, forearm and 
manus elements in caudal view; J, Dilophosaurus wetherilli, left radius in lateral view and left ulna in 
medial view; K, Syntarsus rhodesiensis, left manus in dorsal view. Scale = 10 cm (A-C), 5 cm (D-F, H, J), 
2cm (G, J, K). (A, B, after Madsen and Welles 2000; C, I, after Bonaparte et al. 1990; D-F, J, after Welles 


1984; H after Gilmore 1920; K after Galton 1971a.) 


taxa, such as Torvosaurus and Spinosauridae. The humerus is 
narrow, with a small deltopectoral crest and a bulbous proximal 
head in Elaphrosaurus and Masiakasaurus (Janensch 1925; Samp- 
son et al. 2001). The proximal and distal ends are not strongly 
expanded. The humerus was not recovered with the original 
material of C. nasicornis. However, later discoveries produced 
nearly complete humeri, although these have been assigned 
to two new Ceratosaurus taxa (fig. 3.6A, B; Madsen and Welles 
2000). The proximal and distal ends are mediolaterally ex- 
panded, but the proximal end does not have the subspherical 
head seen in abelisaurids and to a lesser extent in Elaphrosaurus. 
The deltopectoral crest is longitudinally oriented and extends 
distally 40%-45% of the length of the humerus. An articulated 
lower forelimb element is known in Ceratosaurus nasicornis (fig. 
3.6H; Gilmore 1920). The radius is robust throughout its length, 
with little additional expansion at either end. It does turn slightly 
medially toward its distal end. The ulna is missing most of its 
middle section as preserved but bears a strong olecranon process. 
An articulated partial manus of Ceratosaurus nasicornis (fig. 
3.6H; Gilmore 1920) does not include ossified carpals. The first 
metacarpal is short and narrow, unlike the proportions seen in 
the same element of coelophysoids and tetanurans. The second 
and third metacarpals are the most robust in the hand, with the 
second slightly longer than the third. The fourth metacarpal is 
reduced to only about 75% the length of metacarpal III. Its 
proximal end is closely appressed to metacarpal III. Proximal 
phalanges were recovered on the second, third, and fourth digits. 
The phalanges on digits I] and III are short, blocky, and subequal 
in length. The first phalanx of digit IV is reduced to a small nub- 
bin of bone, although it apparently retains a distinct proximal 
condyle for articulation with its metacarpal (Gilmore 1920). 


The entire forelimb of Carnotaurus is highly apomorphic, but 
future discoveries will show whether its form is shared by other 
abelisaurids. The humeral shaft is straight (fig. 3.6C; Bonaparte 
et al. 1990). The proximal end is large, subspherical, and set off 
from the shaft by a short neck. The deltopectoral crest is low 
but powerfully constructed, traverses the cranial surface of the 
shaft obliquely, and extends more than half the length of 
the humerus. The distal end bears well-defined, flattened artic- 
ular facets for the highly derived radius and ulna. The radius and 
ulnaare short, only about one-fourth the length of the humerus 
(fig. 3.61). The ulnar proximal end is deeply concave for articu- 
lation with the humerus, and the olecranon process is strongly 
developed. The ulna constricts to a short shaft, then widens dis- 
tally to form a strongly rounded condyle for articulation with 
the carpus. The radius is slightly shorter than the ulna, and its 
proximal surface is flattened. The shaft is deeply constricted 
ventrally (caudally), resulting in a hooklike overhanging lip on 
the proximal end. Distally the radius is slightly convex but not 
nearly as strongly so as the ulna. There is no consensus on the 
structure of the manus in Carnotaurus. Bonaparte et al. (1990) 
tentatively identified a pair of irregularly shaped bones as carpals, 
but this interpretation is open to question. The manus has four 
metacarpals. The first three are short but bear strong distal ar- 
ticular surfaces. The element identified as metacarpal IV is the 
largest in the manus, and it tapers distally to a blunt point. 
Small, fragmentary pieces have also been identified as phalanges. 

Whereas the neoceratosaur forelimb is short, coelophysoids 
retain plesiomorphically long forelimbs with a powerful, grasp- 
ing hand (fig. 3.6D-G). The coelophysoid humerus shows sig- 
moid curvature, as well as torsion (fig. 3.6D-F). The deltopectoral 
crest is pronounced but does not exceed 45% of the humeral 
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FIGURE 3.7. Pelves: A, Elaphrosaurus bambergi; B, Ceratosaurus nasicornis; C, Carnotaurus sastrei; D, Majun- 
gatholus atopus; E, Liliensternus liliensterni; F, Coelophysis bauri; G, Syntarsus rhodesiensis. Scale = 10 cm 

(A, E), 20 cm (B, D); 50 cm (C), 5 cm (F, G). (A after Janensch 1925; B after Gilmore 1920; C after Bona- 
parte et al. 1990; D after Sampson et al. 2001; E after Huene 1934a; F after Rowe and Gauthier 1990; 

G after Raath 1969, 1977.) 


length (fig. 3.6D-G). Large samples of Coelophysis bauri and 
Syntarsus rhodesiensis provide the opportunity to examine pro- 
portional differences between forelimbs within populations of 
these taxa. There is dimorphism in the size and structure of the 
forelimb in both taxa (Colbert 1990; Raath 1990). The robust 
form has longer forelimbs, a larger deltopectoral crest, a broad 
humeral head, expanded and well-defined distal humeral epi- 
condyles, and in Syntarsus a greatly enlarged olecranon process 
of the ulna (Raath 1977, 1990). The gracile form has a shorter 
forelimb with a less pronounced humeral head, deltopectoral 
crest, epicondyles, and olecranon process. The coelophysoid 
radius is shorter than the ulna and is bowed laterally (fig. 3.6J). 

The coelophysoid manus measures less than two-thirds the 
combined lengths of the radius and the humerus (fig. 3.6G). As 
many as five ossified carpals have been reported in Coelophysis, 
and as many as six in Syntarsus rhodesiensis (fig. 3.6G, K; Raath 
1969, 1977; Galton 1971a; Colbert 1989). Proximally digits I 
and II both articulate against an enlarged distal carpal 1 formed 
by fusion of the first and second distal carpals (fig. 3.6K). There 
is no ossified fifth digit. Metacarpal I is short and has asym- 
metrical distal condyles, facilitating some ability for digit I to 
oppose digits II and III during grasping (Galton 1971a). The prox- 
imal end is appressed against the side of metacarpal II, further 
strengthening the first digit. This contact is confined to the 
proximal third of metacarpal I, unlike in tetanurans, in which 
the contact may extend half the length of the first metacarpal. 
The second metacarpal is the largest in the hand, although the 
more slender metacarpal III is slightly longer in Dilophosaurus. 
Metacarpal III is not shifted to the palmar surface of II, unlike 
in tetanurans. There remains an ossified metacarpal IV, which is 
shorter than either metacarpals II or II] and retains a nubbinlike 
phalanx. Given its small size and close association with meta- 
carpal III, digit IV was possibly bound up in the palmar apo- 
neurosis in life. As in tetanurans, the penultimate phalanges are 
elongate on all three functional digits. The unguals are laterally 
compressed and recurved and have large flexor tubercles. The 
manual phalangeal count is 2-3-4-1. 
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The ceratosaur pelvic girdle is distinctive in that the ilium, 
ischium, and pubis fuse to one another in adults, analogous to 
the condition later achieved in ornithurine birds and some 
other coelurosaurs. Fusion between pelvic elements is not com- 
plete in Carnotaurus, with co-ossification between the pubis 
and ilium and to only a partial degree between the ilium and 
ischium (Bonaparte et al. 1990). The ilium of Majungatholus 
shows no fusion to the other pelvic elements (fig. 3.7D; Sampson 
et al. 1998:fig. 3.2F). There is also no fusion between the pelvic 
elements of Elaphrosaurus (fig. 3.7A). However, the pelvic bones 
are thoroughly fused in Ceratosaurus nasicornis, Coelophysis, Syn- 
tarsus rhodesiensis, Syntarsus kayentakatae, and an unnamed taxon 
from the Kayenta Formation of Arizona (fig. 3.7B, F, G; Gilmore 
1920; Raath 1969, 1977, 1990; Rowe 1989; Tykoski 1998). 

The ceratosaur ilium is generally elongate, but with a low 
iliac blade (fig. 3.7). The postacetabular process is particularly 
long. The preacetabular process is ventrally expanded in Cer- 
atosaurus, Carnotaurus, and Majungatholus (fig. 3.7B-D). The fossa 
for M. caudofemoralis brevis (= brevis fossa) is broad and deep, 
the ilium flaring laterally caudal to the acetabulum. Ceratosaurs 
lack a second fossa along the base of the preacetabular process 
for M. cuppedicus (Rowe 1986), a condition in many tetanurans. 
Syntarsus rhodesiensis and Coelophysis are derived in possession 
of a distinct, caudally rimmed fossa for M. iliofemoralis on the 
postacetabular process of the ilium (fig. 3.7F, G; Raath 1969, 1977; 
Rowe and Gauthier 1990; Hutchinson 2001a). The supracetabu- 
lar crest is large, and particularly in coelophysoids it forms a 
dorsal hood overhanging the acetabulum. The pubic and ischial 
peduncles are roughly equal in size in coelophysoids, while the 
pubic peduncle is much larger than the ischial peduncle in neo- 
ceratosaurs (fig. 3.7A-D). The pubic and ischial peduncles in 
Ceratosaurus and Majungatholus bear stout projections that are 
inserted into corresponding sockets in the proximal pubis and 
ischium, respectively (fig. 3.7D; Sampson et al. 1998; Britt et al. 
1999). 

The proximal pubic plate is perforated by two fenestrae in sev- 
eral ceratosaur taxa (fig. 3.7B, F, G). A small obturator foramen 


opens ventrolaterally through the puboischial plate. There is a 
derived second opening ventromedial to the obturator foramen, 
the pubic fenestra. Owing to the exceptionally delicate nature of 
the puboischial plate, the borders of these openings are rarely 
preserved. The pubic shaft is cranially bowed to varying degrees 
in Ceratosaurus nasicornis, Masiakasaurus, Dilophosaurus, Lilien- 
sternus, Gojirasaurus, Coelophysis, and Syntarsus (fig. 3.7B, E-G; 
Gilmore 1920; Huene 1934a; Raath 1969; Colbert 1989; Car- 
penter 1997a; Tykoski 1998; Sampson et al. 2001). The pubis was 
restored without cranial bowing for Dilophosaurus (Welles 1984). 
The pubic shaft is shorter and broader in Segisaurus halli and Pro- 
compsognathus triassicus (Camp 1936; Ostrom 1981; Sereno and 
Wild 1992). This may be an illusion caused by breakage, as at 
least one individual of Syntarsus kayentakatae shows artificially 
broad pubic shafts caused by crushing of the pubic apron (Tykoski 
1998). The distal end is tipped by a small, craniocaudal expan- 
sion ora knoblike swelling in coelophysoids but is not expanded 
into a “foot.” 

The pubis is straight-shafted in Carnotaurus and in an Indian 
abelisaurid (Bonaparte et al. 1990; Chatterjee and Rudra 1996). 
The proximal pubis of Masiakasaurus possesses a socket to re- 
ceive a peg from the ilium, much as in Majungatholus (Sampson 
et al. 2001). A large distal expansion (“foot”) was restored by 
Marsh (1892a) and Gilmore (1920) in illustrations of Cerato- 
saurus nasicornis, but as stated (Gilmore 1920:128), the restora- 
tions were based on Allosaurus. Recent finds show that the size 
and shape of the pubic foot in Ceratosaurus may change through 
ontogeny (Britt et al. 1999, 2000). The small pubic foot is ex- 
panded more caudally than cranially in Carnotaurus (fig. 3.7C). 
The distal foot is also caudally directed in Ceratosaurus and 
Masiakasaurus (Britt et al. 2000; Sampson et al. 2001:fig. 3.1g). 
The pubic foot of neoceratosaurs is smaller than that in some 
avetheropod tetanurans (e.g., Allosaurus), but it is as large as or 
larger than that seen in more basal tetanurans (e.g., Torvosaurus, 
Spinosauridae). 

The ischium is plesiomorphic in possessing an obturator 
process that is not separated from the rest of the ischial plate 
(caudal half of the puboischial plate), unlike the derived con- 
dition in avetheropod tentanurans (Hutchinson 2001a). The 
ischium of Segisaurus is perforated by a large ischial foramen 
proximally, and the shaft is flattened and laterally expanded 
in a unique way (Camp 1936). However, it is possible that this 
flattening is the result of postmortem processes. Among neo- 
ceratosaurs the ischial shaft is straight and terminates in a cranio- 
caudally expanded ischial foot in Elaphrosaurus and Carnotaurus 
(fig. 3.7A, C). In coelophysoids the ischial shaft is long, curves 
slightly ventrally, and terminates in a knoblike swelling (fig. 
3.7E-G). In Dilophosaurus and Liliensternus the distal ischial ex- 
pansion is much larger than the corresponding structure on the 
distal pubis (Huene 1934a; Welles 1984). Coelophysids and Lilien- 
sternus exhibit a prominent antitrochanter that straddles the 
ischium-ilium contact (fig. 3.7E-G). The ischial portion of 
the antitrochanter juts sharply into the acetabulum, forming 
a strong notch in the ischial border of the acetabulum. 

The hindlimb bones are all hollow and thin-walled. The 
femoral neck and head angle craniomedially from the shaft, and 
the head is declined below the level of the greater trochanter, 
questionable in Carnotaurus (fig. 3.8). In Ceratosaurus the femoral 
head is large but still craniocaudally narrow (fig. 3.8A-C; Gilmore 
1920; Madsen and Welles 2000). The femoral head of abeli- 
saurids is more subspherical (Martinez et al. 1986; Bonaparte et 
al. 1990). The cranial trochanter is positioned low on the femur, 
staying below or just at the level of the femoral head (fig. 3.8A, 
B). It has been proposed that the cranial trochanter represents 
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FIGURE 3.8. Femora. A-C, Ceratosaurus nasicornis: right femur in A, 
cranial, B, medial, and C, caudal views; D-G, Syntarsus kayentakatae: 
composite femur in D, cranial, E, lateral, F, medial, and G, caudal views. 
Scale = 10 cm. 


the insertion for M. puboischiofemoralis (Rowe 1986) or M. ilio- 
trochantericus caudalis (Hutchinson 2001b). In Carnotaurus, 
Xenotarsosaurus, and some Ceratosaurus the cranial trochanter 
approaches the aliform condition seen in basal tetanurans 
(Gilmore 1920; Martinez et al. 1986; Bonaparte et al. 1990; 
Madsen and Welles 2000). A conspicuous trochanteric shelf 
(Andrews 1921) is known in Ceratosaurus, Elaphrosaurus, and 
Xenotarsosaurus, but little or no shelf is figured in Carnotaurus 
(fig. 3.8A, B; Gilmore 1920; Janensch 1925; Martinez et al. 1986; 
Bonaparte et al. 1990). The medial epicondyle (= craniomedial 
crest, entocondylar ridge) is enlarged and distinct in ceratosaurs 
(fig. 3.8), but it is exceptionally developed in abelisauroids such 
as Carnotaurus and Masiakasaurus (Bonaparte et al. 1990; Samp- 
son et al. 2001). In Ceratosaurus and Xenotarsosaurus the crista 
tibiofibularis (also known as the ectocondylar tuber or tuberous 
process) is sharply set off from the lateral (= fibular) condyle on 
the caudal surface of the distal femur (fig. 3.8C; Gilmore 1920; 
Martinez et al. 1986; Madsen and Welles 2000). 

The proximal femur in coelophysoids is small and wedge- 
shaped in proximal view, narrowing laterally into the greater 
trochanter (fig. 3.8D). Sample sizes are large enough for some 
coelophysoid taxa to determine a bimodal distribution in the 
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FIGURE 3.9. Tibiae and fibulae. A-C, Ceratosaurus nasicornis: right tibiotarsus and fibula in A, cranial, 

B, lateral, and C, caudal views. D, E, Xenotarsosaurus bonapartei: tibiotarsus in D, lateral, and E, proximal 
views. F-H, Elaphrosaurus bambersi: left tibia and astragalocalcaneum in F, cranial, G, lateral, and H, prox- 
imal views. I-L, Syntarsus rhodesiensis: left tibiotarsus and fibula in I, cranial, J, lateral, K, medial, and 

L, caudal views. M-O, Syntarsus kayentakatae: subadult left tibia in M, lateral, and N, proximal views; 

O, proximal left fibula in medial view. Scale = 10 cm (A-H), 5 cm (I-L), 2 cm (M-O). (A-C after Gilmore 
1920; D, E, after Martinez et al. 1986 and Bonaparte et al. 1990; F-H after Janensch 1925; I-L after 


Raath 1977.) 


development of proximal muscle scars and processes. The two 
morphologies are referred to as gracile and robust, respectively. 
In gracile forms the cranial trochanter is small and subconical or 
flangelike (Raath 1977, 1990; Welles 1984; Tykoski 1998). The 
trochanteric shelf is weakly developed, if discernable at all. In 
robust forms the cranial trochanter is a rugose, pyramidal 
mound that rises proximally from a strong, cranially jutting tro- 
chanteric shelf (fig. 3.8D, E). The trochanteric shelf differs in 
morphology and in its strong degree of development from the 
condition plesiomorphically found in Herrerasaurus and basal 
dinosauromorphs. The coelophysoid distal femur also bears an 
enlarged medial epicondyle (fig. 3.8D-F). Caudally, the crista 
tibiofibularis is distinctly set off from the lateral condyle in 
Dilophosaurus and perhaps Liliensternus (Huene 1934a; Welles 
1984). In the coelophysids Coelophysis and Syntarsus the crest is 
further separated from the body of the lateral condyle by a dis- 
tinct sulcus along the lateral margin of its base (fig. 3.8F; Rowe 
1989). The popliteal fossa is crossed by a low infrapopliteal ridge 
between the lateral and medial condyles. 

The neoceratosaur tibia has an enlarged cnemial crest that 
rises proximally higher than the femoral condyles (fig. 3.9A, B, 
D, E). The craniodorsal end of the cnemial crest may be ex- 
panded to form a tuberosity. The tibia is shorter than the femur 
in Ceratosaurus and especially in abelisaurids (contra Bonaparte 
et al. 1990), but the tibia is longer than the femur in Elaphro- 
saurus (Gilmore 1920; Janensch 1925; Madsen and Welles 2000). 
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FIGURE 3.10. Astragalocalcaneum: A, Syntarsus kayentakatae, right dis- 
tal tibiotarsus and fibula in cranial view; B, Masiakasaurus knopfleri, left 
distal tibiotarsus and fibula in cranial view. Scale = 1 cm. (B after Samp- 
son et al. 2001.) 


There is a large crista fibularis on the lateral side of the tibia, and 
there is a deep dorsolaterally angled fossa on the cranial surface 
of the distal end for receipt of the ascending process of the as- 
tragalus. The medial surface of the proximal end of the fibula 
bears a strong sulcus in Ceratosaurus, much as in coelophysoids. 
The fibula of Ceratosaurus and abelisaurids bears a large cranial 
process for insertion of M. iliofibularis (fig. 3.9B). Distally the 
astragalus is firmly locked to the tibia, or it may even fuse, form- 
ing a tibiotarsus (Gilmore 1920; Martinez et al. 1986; Madsen 
and Welles 2000; see also below). 

The tibia is shorter than the femur in Dilophosaurus and Lilien- 
sternus (Huene 1934a; Welles 1984) but longer in the smaller 
coelophysid taxa. The cnemial crest is not as large as in neo- 
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FIGURE 3.11. Pes. A-C, Syntarsus kayentakatae: A, right distal tarsal 4 in proximal view; B, C, right tar- 
sometatarsus (missing unfused metatarsal IV) in B, cranial, and C, caudal views. D, E, Dilophosaurus 
wetherilli: articulated right pes in D, cranial, and E, caudal views. F, G, Masiakasaurus knopfleri: F, partial 
right pes (metatarsals I and III) in cranial view; G, pedal ungual in lateral view. Scale = 1 cm (A, F, G), 

5 cm (B, C), 10 cm (D, E). (F, G, after Sampson et al. 2001.) 


ceratosaurs, and it does not project proximally beyond the level 
of the femoral condyles (fig. 3.9F, G). In Dilophosaurus, Syntar- 
sus, and Coelophysis the tibia and fibula are closely appressed. 
Indeed, S. kayentakatae and Dilophosaurus have a longitudinal 
groove on the lateral surface of the tibia in which the fibula rests, 
but there is no evidence of fusion between the two. The proxi- 
mal fibula in coelophysids and perhaps other mature coelo- 
physoids is distinctive for the presence of a deep caudoventrally 
opening sulcus on the medial surface (fig. 3.9H; Rowe 1989; 
Rowe and Gauthier 1990). As mentioned, the same feature is also 
known in Ceratosaurus. 

Ceratosaurs fuse the astragalus and calcaneum (fig. 3.10). This 
condition is not known in Dilophosaurus (Welles 1984), but based 
on a wide range of features throughout the skeleton all the 
known individuals of this taxon represent subadult individuals. 
In most adult ceratosaurs the two elements are so thoroughly co- 
ossified as to eliminate the line of suture to form an astragalo- 
calcaneum, although the suture is still visible in Liliensternus 
(Huene 1934a). Furthermore, the astragalocalcaneum is fused to 
the distal of the tibia in most adult coelophysoids, Ceratosaurus, 
Masiakasaurus, and Xenotarsosaurus, creating a tibiotarsus (Gil- 
more 1920; Raath 1969, 1977; Martinez et al. 1986; Colbert 1989, 
1990; Rowe 1989; Rowe and Gauthier 1990; Long and Murry 
1995:fig. 3.192F-J; Hunt et al. 1998; Tykoski 1998; Sampson et 
al. 2001). Fusion is strongest caudally, where the suture is first 
obliterated. There is also fusion between the distal fibula and the 
calcaneum in Syntarsus kayentakatae, in Xenotarsosaurus, and in 
an isolated distal tibiotarsus of Camposaurus arizonensis (Hunt 
et al. 1998). The cranial face of the astragalus is traversed by a 
shallow groove in neoceratosaurs, a condition shared with teta- 
nurans. A less pronounced groove is described on the astragalus 
of Dilophosaurus (Welles 1984), and one is also discernible in Syn- 
tarsus kayentakatae (fig. 3.10A). As seen in Dilophosaurus wether- 
illi, the ascending process of the astragalus may be a separate 
ossification center (Welles 1983, 1984). The ascending process 
of the astragalus is a low triangular wedge nestled within a fossa 
on the distal end of the tibia in Elaphrosaurus, Ceratosaurus, and 
coelophysoids (figs. 3.9A, 3.10A). In coelophysoids the process 
can be obscured cranially by an overlapping flange of the distal 


end of the fibula, which may have led some to believe it was ab- 
sent (e.g., Colbert 1964b, 1989). The condition in abelisauroids 
more closely resembles that in tetanurans. In Masiakasaurus the 
ascending process is a tall rectangular plate (fig. 3.10B; Sampson 
et al. 2001), but in other abelisauroids it is a triangular plate 
(Martinez et al. 1986). 

The pes is virtually undescribed for abelisaurids, although 
partial pedes of Elaphrosaurus and Ceratosaurus are known (Gil- 
more 1920; Martinez et al. 1986; Bonaparte et al. 1990; Madsen 
and Welles 2000). No distal tarsals are known for Elaphrosaurus, 
but a fourth distal tarsal was described and figured for Cerato- 
saurus (Madsen and Welles 2000). It is virtually identical in 
overall form to that in coelophysoids. Rather than a simple disc, 
the fourth distal tarsal is rectangular with a large notch in its 
caudolateral corner, giving the impression that the tarsal has a 
tuberous caudal process (fig. 3.11A). Contrary to some reports 
(Colbert 1989; Rowe 1989; Rowe and Gauthier 1990), an ossified 
distal tarsal 2 is not known in Coelophysis bauri or Syntarsus kayen- 
takatae. Raath (1969) identified such an element in S. rhodesien- 
sis but later (1977) decided that it was really distal tarsal 3. Distal 
tarsal 3 is large, caps its respective metatarsal, and fuses to it in 
subadult stage. Distal tarsal 4 evidently does not co-ossify with 
the metatarsals at any point in ontogeny. 

Ceratosaurus nasicornis exhibits fusion between metatarsals 
Il, Ul, and IV. The rough, pitted condition opens the possibility 
that fusion between these elements is pathological. Indeed, a 
large, isolated metatarsal IV assigned to Ceratosaurus shows no 
sign of fusion with other pedal elements (Madsen and Welles 
2000). In adult coelophysids distal tarsal 3 and metatarsals II 
and III fuse to create a tarsometatarsus (fig. 3.11B). Articulated 
coelophysoid metatarsi are narrow and long (fig. 3.11B, D). The 
first metatarsal is restricted to the distal half of metatarsal II, 
affixed to its caudal surface (fig. 3.11C, E). Metatarsal V is re- 
duced to a splint and lacks phalanges. The proximal end lies 
within the notch in the caudolateral corner of distal tarsal 4. The 
metatarsi of noasaurids are apomorphic in the great reduction 
in thickness of the proximal two-thirds of metatarsal II (Bona- 
parte and Powell 1980; Bonaparte 1991b; Sampson et al. 2001). 
In Velocisaurus unicus metatarsal IV is also reduced in size (Bona- 
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parte 1991b). The pedal unguals of abelisauroids are distinctive 
in having a triangular set of lateral grooves, in contrast to the 
single groove found on other theropods (fig. 3.11G; Coria and 
Salgado 1998b; Sampson et al. 2001). 


Systematics and Evolution 


Marsh (1884a) originally coined the name Ceratosauria to en- 
compass Ceratosauridae (at the time composed of only Cerato- 
saurus nasicornis) and Ornithomimidae (Marsh 1884a). Subse- 
quent authors recognized either Ceratosauridae or Ceratosauria, 
disagreeing on the taxonomic content of each (Gilmore 1920; 
Huene 1932, 1948, 1956; Welles 1984). Others rejected both 
terms (e.g., Lydekker 1888a; Cope 1892b; Abel 1919; Romer 
1933, 1956, 1966; Lapparent and Lavocat 1955; Colbert 1964a; 
Steel 1970; Charig 1979). Gauthier (1986) resurrected the name 
Ceratosauria to designate the sister taxon to the stem group 
Tetanurae. However, the clade still lacked a stable phylogenetic 
definition as the name Ceratosauria was defined only by enu- 
meration of its taxonomic content. 

The first stable, stem-based definition for Ceratosauria was 
provided by Rowe (1989:132): “Tetanurae includes those thero- 
pods more closely related to birds (and includes birds), whereas 
Ceratosauria includes taxa more closely related to Ceratosaurus 
nasicornis.” Birds (= Aves of Gauthier 1986; Neornithes of Sereno 
1998; Padian et al. 1999) and the eponymous Ceratosaurus 
nasicornis are thus the reference taxa on which the name is 
established, and Ceratosauria so designated is a stem lineage 
(sensu de Queiroz and Gauthier 1990, 1992). Rowe and Gauthier 
(1990) provided a node-based definition for the name, and 
Sereno (1998) redefined the name to refer to all neotheropods 
closer to Coelophysis bauri than to Aves (i.e., Neornithes). How- 
ever, Rowe (1989) has priority. Also, the name Ceratosauria was 
originally brought into the phylogenetic system to represent the 
sister taxon to the stem clade Tetanurae (Gauthier 1986), so we 
recognize the stem definition of the clade here. 

In addition to the diagnostic features of Ceratosauria listed 
in the “Definition and Diagnosis” section above, the phylo- 
genetic placement of several other potentially informative apo- 
morphies is ambiguous at this nexus, as they depend on the 
character-optimization criterion used, for example, ACCTRAN 
or DELTRAN (Swofford 1998). These apomorphies include the 
absence of the subnarial foramen on the premaxilla-maxilla 
suture; the craniodorsal border of the axial neural spine being 
convex in the lateral view; the postaxial cervical pleurocoels 
being deep ovoid pockets or well-defined fossae excavated into 
the lateral surfaces of the centra; the cervical ribs being fused 
to vertebrae in adults; the cervical ribs being two to three times 
as long as the centrum; fused sacral vertebrae; elements of the 
sacral neural arch (transverse processes, arches, neural spines) 
and sacral ribs being fused to one another; a sharp ventral groove 
on at least the proximal caudal centra; a broad scapular blade; 
the dorsal margin of the ilium being linear, dipping caudo- 
ventrally above the ischial peduncle; an iliac postacetabular 
process with a concave caudal margin; the cranial trochanter 
being a conical or pyramidal prominence; an infrapopliteal 
ridge between the fibular and medial condyles of distal femur; 
the proximal fibula being excavated medially by a deep caudo- 
ventrally opening sulcus; and the ascending process of the 
astragalus being low, triangular, and wedgelike. 

Many ceratosaurs have long histories of problematic taxon- 
omy and assignment. Noncladistic classifications placed most 
in taxonomic wastebaskets (e.g., Podokesauridae, Halticosauri- 
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dae, Procompsognathidae, Megalosauridae [Romer 1956, 1966; 
Welles 1954; Carroll 1988]). These groups became repositories 
for nearly any primitive or incomplete theropod from Upper Tri- 
assic or Jurassic sediments. To prevent Ceratosauria from becom- 
ing a modern wastebasket group for nontetanuran theropods, 
we recognize only those taxa that possess unequivocal cerato- 
saur apomorphies or are diagnosable at some less inclusive level 
within the lineage. We also recognize only those higher taxo- 
nomic names that have node- or stem-based definitions. 

Within Ceratosauria are two main sister lineages, Coelo- 
physoidea and Neoceratosauria (Novas 1991, 1992b; Holtz 1994). 
Coelophysoidea comprises all theropods closer to Coelophysis 
than to Ceratosaurus (Holtz 1994). The only well-supported 
higher-level clade named within the coelophysoid lineage is 
Coelophysidae, comprising Coelophysis, Syntarsus, and all de- 
scendants of their most recent common ancestor (Holtz 1994). 
Sereno (1998) defined Coelophysidae in reference to Coelophysis, 
Procompsognathus triassicus, and all descendants of their most re- 
cent common ancestor and coined the names Coelophysinae 
and Procompsognathinae for all coelophysids (sensu Sereno 1998) 
closer to Coelophysis or Procompsognathus than to the other, re- 
spectively. However, insofar as our analysis finds the phyloge- 
netic position of Procompsognathus triassicus to be unsteady under 
certain conditions (see below), we do not employ Coelophysi- 
dae, Coelophysinae, or Procompsognathinae sensu Sereno (1998). 

Neoceratosauria has received considerable attention over the 
past decade as new material and taxa have been described. Neo- 
ceratosauria comprises all theropods closer to Ceratosaurus than 
to Coelophysis (Holtz 1994, 1998a). Within it are several named 
subclades. Abelisauroidea is defined as comprising all theropods 
closer to Carnotaurus sastrei than to Ceratosaurus nasicornis (Holtz 
1994, 1998a; Padian et al. 1999). The name Abelisauria has been 
used by some for the node-based clade comprising Noasaurus, 
Carnotaurus, and all descendants of their most recent common 
ancestor. Abelisauridae has been defined as comprising Abeli- 
saurus comahuensis and Carnotaurus sastrei and all descendants 
of their most recent common ancestor (Holtz 1998a; Sereno 
1998; Padian et al. 1999). Abelisaurids have been further divided 
into Carnotaurinae (i.e., all abelisaurids closer to Carnotaurus 
than to Abelisaurus) and Abelisaurinae (i.e., all abelisaurids closer 
to Abelisaurus than to Carnotaurus) (Sereno 1998). Bonaparte 
and Powell (1980) erected the name Noasauridae solely for Noa- 
saurus leali. A handful of fragmentary taxa show some affinities 
with Noasaurus, and together they may form a diagnosable clade 
(Huene 1932; Huene and Matley 1933; Bonaparte 1991b, 1996b; 
Sampson et al. 2001). 

What follows is the result of a numerical cladistic analysis of 
19 ingroup taxa, including all ceratosaurs and three basal teta- 
nurans (Torvosaurus tanneri, Spinosauridae, Allosaurus fragilis). 
The taxa were scored for 175 characters assembled from several 
previously published or in-press works, as well as a number 
of new characters. Successively closer outgroup taxa were Or- 
nithischia, Prosauropoda, and Herrerasaurus. All characters were 
treated as unordered characters. The analysis was conducted 
using PAUP*4.0 (Swofford 1998) and resulted in five most parsi- 
monious trees, all with a length of 386, a consistency index (CI) 
of 0.588, and a retention index (RI) of 0.739. Character distribu- 
tion was evaluated under both ACCTRAN and DELTRAN opti- 
mization criteria. Figure 3.12A represents an Adams consensus 
tree of the five hypotheses generated by our analysis. The five 
trees differ only in the position of Segisaurus with respect to 
Coelophysis and Syntarsus. 

As discussed earlier, our analysis supports previous hypothe- 
ses of ceratosaurian monophyly, uniting coelophysoids and 
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FIGURE 3.12. Phylogenetic hypotheses of ceratosaurian relationships: A, Adams consensus of five 
equally most parsimonious trees generated by our analysis; tree length = 386, CI = 0.588, RI=0.739. 
Stem-defined clades indicated by arcs. Node-defined clades indicated by open circles at nodes. B, alterna- 
tive phylogenetic hypothesis supported by Sampson et al. (2001). C, alternative hypothesis of ceratosaur 
relationships from Rauhut (1998) and Carrano and Sampson (1999). 1 = Abelisauridae; 2 = Abelisaurinae; 


3 = Carnotaurinae; 4 = Ceratosauria. 


neoceratosaurs as sister lineages within Ceratosauria (fig. 3.12A; 
Gauthier 1986; Rowe 1989; Rowe and Gauthier 1990; Holtz 1994, 
1998a; Sereno 1999a). Other analyses have resulted in hypothe- 
ses of ceratosaur relationship that remove coelophysoids from 
the Ceratosaurus + Abelisauridae + Tetanurae clade (fig. 3.12B, C; 
Rauhut 1998; Forster 1999; Carrano and Sampson 1999; Samp- 
son et al. 2001; Carrano et al. 2002). These alternative hypothe- 
ses do not agree on the position of Ceratosaurus and abelisaurids 
with respect to Tetanurae and each other. Some hypotheses shift 
Coelophysoidea outside the neotheropod clade (= Ceratosauria 
+ Tetanurae) but still find a monophyletic Ceratosauria with 
abelisauroids the sister taxon to Ceratosaurus (fig. 3.12B; Samp- 
son et al. 2001; Carrano et al. 2002). Others find coelophysoids, 
Abelisauroidea, and Ceratosaurus to be successively closer out- 
groups to Tetanurae (fig. 3.12C; Rauhut 1998; Carrano and 
Sampson 1999). Fewer hypotheses find abelisaurids to be teta- 
nurans, derived relative to Torvosaurus and other basal tetanuran 
taxa (Forster 1999). The temporal gap between coelophysoids 
and neoceratosaurs adds to this debate. Coelophysoids are not 
known from deposits younger than the Early Jurassic, and de- 
finitive neoceratosaurs are unknown from sediments older 
than the Late Jurassic. The temporal gap between the two line- 
ages can be viewed in two ways. If hypotheses supporting the 
position of coelophysoids within Ceratosauria are correct, the 
temporal gap is evidence of substantial missing data in our 
record of ceratosaur diversity (i.e., ghost lineages). However, the 
gap could instead be evidence that coelophysoids lie outside the 
ceratosaurian clade and represent a radiation of theropods 
prior to the neotheropod split into Ceratosauria and Tetanurae 
(Rauhut 1998, 2000a; Carrano and Sampson 1999; Forster 1999). 

The neoceratosaur lineage is diagnosed by the following 
unambiguous apomorphies: a sacrum composed of six vertebrae 
by addition of either a second dorsosacral ora third caudosacral; 


a midsacral centra strongly reduced in size; the ventral margin 
of the sacrum arching dorsally; the distal end of the ischium ex- 
panded into an ischial foot; and the cnemial crest of the tibia 
craniocaudal as long as or longer than the articular condyles, 
the crest hooking sharply laterally and rising well above the prox- 
imal condyles. 

A large number of ambiguous apomorphies may also diag- 
nose the neoceratosaur clade. Many are located in the skull and 
jaws, the atlas, and the axis, all of which are missing in Elaphro- 
saurus, the most basal neoceratosaur in this analysis. Therefore, 
these cranial apomorphies are mapped as present for Neocerato- 
sauria under ACCTRAN optimization, but most are diagnostic of 
a Ceratosaurus + Abelisauroidea clade under DELTRAN optimiza- 
tion. The ambiguous apomorphies for the neoceratosaur line- 
age are as follows: the skull length less than three times the 
height of the caudal skull height; the premaxilla dorsoventrally 
taller than it is rostrocaudally long below the external naris; the 
maxillary process of the premaxilla short, allowing the maxilla 
to contribute significantly to the external naris; the nasals fused; 
the rostral end of the nasal laterally convex, overhanging the 
caudal portion of the external naris; the nasal contributing to 
the antorbital cavity; the lacrimal antorbital recess having a 
single opening; the frontals fused; the frontals and parietals 
fused; the infratemporal fenestra about twice the size of the 
orbit in lateral view; the quadrate and quadratojugal fused; the 
quadrate foramen absent; the height of the quadrate dorsal ramus 
greater than that of the orbit; a pronounced, sharply defined 
median ridge on the supraoccipital; the interdental plates fused 
to one another; a pleurocoel in the cranial end of the axis; the 
pneumatic foramen or foramina in the axis neural arch caudo- 
dorsal to the diapophysis; the sacral centra fused to an ex- 
treme degree, sutures being difficult to discern and only swellings 
marking the articular surfaces of the centrum; the cranial to 
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mid-dorsal centra having two pairs of pleurocoels in the cen- 
trum; the cranial margin of the scapulocoracoid smoothly curved 
and uninterrupted by a notch at the scapulocoracoid contact; 
the proximal head of the humerus bulbous; the distal humeral 
condyles flattened; the deltopectoral crest greater than 45% the 
length of the humerus; the deltopectoral crest oriented obliquely 
on the humeral shaft; the proximal end of metacarpal I loosely 
appressed to metacarpal II; the iliac postacetabular process 
having a concave caudal margin; a peg-in-socket ilium-pubis ar- 
ticulation; the ischial peduncle of the ilium oriented ventrally; 
the distal end of the pubis terminating in a caudally expanded 
foot; the craniocaudal length of the pubic foot 10%-30% of the 
length of the pubic shaft; the ischial antitrochanter large or 
markedly developed; a shallow extensor groove on the cranial 
surface of the distal femur; the tibia expanded caudal to the 
fibula; pedal digits with two lateral grooves. 

The position of Elaphrosaurus bambergi varies among dif- 
ferent analyses. This Late Jurassic taxon from Africa was once 
considered a basal ornithomimid, based in large part on its low 
cervical vertebrae and straight-shafted humerus (Galton 1982c; 
Barsbold and Osmolska 1990). Cladistic studies show Elaphro- 
saurus to be amember of the neoceratosaur lineage, although its 
position varies from basal Abelisauroidea (Holtz 1994) to basal 
Neoceratosauria (this study). Thus far, the skull, atlas, and axis, 
some cervical and dorsal vertebrae, and most of the forearm and 
manus of Elaphrosaurus are unknown (Janensch 1925). Never- 
theless, it possesses a straight-shafted humerus with a rounded 
proximal head, six vertebrae in the sacral series, and an ischial 
foot, characters shared by other neoceratosaurs. However, its 
cervical vertebrae strongly resemble those of derived coelo- 
physoids, possessing broad fossalike lateral pleurocoels and 
elongate midcervical centra. 

Ceratosaurus nasicornis has received considerable attention 
in recent years as more material of this Late Jurassic taxon has 
been found, including a juvenile (Britt et al. 1999). Two new 
Ceratosaurus taxa were proposed recently: C. magnicornis and 
C. dentisulcatus (Madsen and Welles 2000). Both of the pur- 
ported new taxa are substantially larger than C. nasicornis, an 
individual generally assumed to be of adult ontogenetic stage 
(Gilmore 1920; Rowe and Gauthier 1990; Madsen and Welles 
2000). However, this assumption has now been questioned 
(Britt et al. 2000); it is possible that material assigned to C. mag- 
nicornis and C. dentisulcatus represents later ontogentic stages 
of C. nasicornis. However, fusion of the sacrum, pelves, and 
neurocentral sutures indicates an adult stage for C. nasicornis. 
In addition to their larger size, both new Ceratosaurus forms 
possess premaxillary and mesial dentary teeth that bear longi- 
tudinal ridges on their lingual surface (Madsen and Welles 
2000). 

Ceratosaurus nasicornis and both of the purported additional 
Ceratosaurus taxa possess a large, median nasal horn, as well as 
lacrimal hornlets (fig. 3.1A, B). The median horn is formed by 
fusion of the left and right nasals, and all three of these cranial 
ornamentations increase in size through ontogeny (Britt et al. 
2000). A large pneumatic recess marks the rostrodorsal corner 
of the maxillary antorbital fossa (Gilmore 1920; Madsen and 
Welles 2000). Ceratosaurus is also distinctive in possessing a row 
of median osteoderms, the only such osseous ornamentation 
reported for any theropod (Gilmore 1920; Madsen and Welles 
2000). 

Additional material attributed to Ceratosaurus includes a frag- 
mentary specimen from the Morrison Formation of Oklahoma 
(Stovall 1938). However, the material possesses no characters 
diagnosable beyond the level of Theropoda. Janensch (1925) 
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named Ceratosaurus roechlingi for material collected from the 
Tendagaru deposits of Tanzania. A referred femur has a tro- 
chanteric shelf and a tibiofibular crest sulcus, but the struc- 
tures are not explicitly described. Although this form does not 
possess features diagnostic of Ceratosaurus, a large neoceratosaur 
is known for the Late Jurassic of Tanzania. 

Our understanding of Abelisauridae has increased greatly in 
the past decade. New finds from South America, Madagascar, 
and India show that the clade was widespread on the Gond- 
wanan landmasses during the Cretaceous. Abelisaurids are not- 
able for their short, deep skulls, extensive sculpturing on the 
cranial bones, contact between the lacrimal and postorbital that 
forms pronounced brows over the orbit, constriction of the 
orbital fenestra by processes of the lacrimal and postorbital, ex- 
ceptionally large epipophyses on the cervical vertebrae, short 
hindlimb proportions, and in at least Carnotaurus extremely re- 
duced forelimbs. The preorbital region of the skull is taller than 
long in Carnotaurus but longer than tall in other abelisaurids 
(Bonaparte and Novas 1985; Bonaparte et al. 1990; Chatterjee 
and Rudra 1996; Sampson et al. 1998). 

Our analysis found both Carnotaurus and Majungatholus to 
be more closely related to each other than to Abelisaurus, al- 
though given the lack of postcranial material for the latter, this 
hypothesis of relationship may change with future discoveries. 
Both Carnotaurus and Majungatholus have dorsal cranial orna- 
mentation in the form of hypertrophied supraorbital horns in 
the former and a median frontal dome in the latter (Bonaparte 
et al. 1990; Sampson et al. 1998). Smaller supraorbital eminencies 
are known in Aucasaurus (Coria et al. 2002b). The skull of Abeli- 
saurus (Bonaparte and Novas 1985). The skull lacks the extrava- 
gant cranial ornamentation seen in carnotaurine abelisaurs. 
Tlokelesia aguadagrandensis is incompletely known but may be a 
basal abelisaurid or the closest outgroup to Abelisauridae (Coria 
and Salgado 1998a). 

Indosuchus raptorius and Indosaurus matleyi were both based 
on isolated cranial remains, now lost (Chatterjee 1978b) from 
the Lameta Formation (Maastrichtian) of India (Huene and 
Matley 1933). These taxa were considered allosaurids or even 
tyrannosaurids (Huene and Matley 1933; Walker 1964; Chatter- 
jee 1978b), but closer examination revealed abelisaurid features 
in each (Bonaparte et al. 1990; Molnar 1990; Chatterjee and 
Rudra 1996). A number of cranial remains and a complete post- 
cranial skeleton of a large abelisaurid from the Lameta Forma- 
tion were assigned to Indosuchus raptorius (Chatterjee 1978b; 
Chatterjee and Rudra 1996). However, these specimens do not 
share any preserved braincase material with the latter and there- 
fore cannot be assigned to that taxon with certainty. 

Xenotarsosaurus bonapartei was named for a nearly complete 
right hindlimb and a dorsal vertebra from the Bajo Barreal Form- 
ation of Chubut Province, Argentina (Martinez et al. 1986). The 
remains possess a number of ceratosaurian synapomorphies (a 
deep femoral ligament sulcus, an infrapopliteal ridge, fused tibia, 
and an astragalocalcaneum), as well as neoceratosaur features, 
such as a hypertrophied epicondylar crest on the distal femur 
and a craniodorsally enlarged cnemial crest. An isolated maxilla 
from near where Xenotarsosaurus was discovered shows other 
abelisaurid traits, such as a nearly vertical dorsal (nasal) process, 
external sculpturing, a reduced maxillary antorbital fossa, and 
heavily striated interdental plates (Lamanna et al. 2002). 

It has been suggested that there is a close relationship between 
abelisaurids and Carcharodontosauridae, a clade of gigantic 
theropods from the Early Cretaceous of northern Africa and 
South America (Novas 1997b). Abelisaurids share several cranial 
features with carcharodontosaurids, including sculpturing of 


some cranial bones, fusion between the nasals, a highly reduced 
maxillary antorbital fossa, supraorbital contact between the 
lacrimal and postorbital, and constriction of the orbital fenestra 
by processes of the lacrimal and postorbital (Novas 1997b; 
Lamanna et al. 2002). However, cladistic analyses show that 
carcharodontosaurids are members of Carnosauria (sensu Padian 
et al. 1999) and not closely related to Abelisauridae (Holtz 1998a; 
Sereno 1998). 

Noasaurid abelisauroids are little known, the exception 
being Masiakasaurus knopfleri from the Maevarano Formation 
(Campanian) of Madagascar (Sampson et al. 2001). These small 
abelisauroids may be united by the presence of ten or fewer max- 
illary teeth, a sharply marked and caudoventrally dipping ven- 
tral border of the maxillary antorbital fossa, cervical neural 
spines positioned over the cranial half of the centrum, a dorsal 
vertebral centrum length greater than twice the height of the 
cranial surface, and a metatarsal II with a reduced midshaft di- 
ameter. In addition to Noasaurus and Masiakasaurus, Veloci- 
saurus unicus from the Late Cretaceous of Argentina and Laevi- 
suchus indicus from the Lameta Formation of India (Bonaparte 
1991b; Huene and Matley 1933) also exhibit one or more of 
these characters. Like abelisaurids, noasaurids were a more di- 
verse and more geographically widespread clade than previ- 
ously thought. 

Genusaurus sisteronis is based on vertebral, pelvic, and hind- 
limb elements of a small theropod from Lower Cretaceous (AI- 
bian) sediments of France (Accarie et al. 1995). Some of the fea- 
tures are an elongate dorsal centrum, fusion of the pelvic 
elements, a low trochanteric shelf and cranial trochanter, a 
hypertrophied medial epicondyle on the distal femur, anda pro- 
nounced M. iliofibularis tubercle on the fibula. The position of 
Genusaurus is highly variable in the cladistic analysis, so we treat 
it as Neoceratosauria incertae sedis. Additional theropod fossils 
from southern France were the basis for Tarascosaurus salluvicus 
(Le Loeuff and Buffetaut 1991). The incomplete dorsal vertebra 
known from this species has numerous pneumatic foramina 
in the neural arch reminiscent of those in abelisaurids. Few 
definitive data can be had from the poorly preserved proximal 
femur of this taxon. We tentatively consider Tarascosaurus as 
Abelisauroidea incertae sedis. 

The phylogeny of coelophysoids has remained stable since 
the first cladistic studies of the group (fig. 3.12A; Gauthier 1986; 
Rowe 1989; Rowe and Gauthier 1990). The coelophysoid lineage 
is diagnosed here by 21 unambiguous apomorphies: the cranio- 
caudal length of the internal antorbital fenestra greater than 
25% of the maximum skull length; the premaxilla nasal process 
forming half or less of the rostrodorsal narial border; the maxil- 
lary process of the premaxilla loosely overlapping the pre- 
maxillary process of the maxilla, resulting in flexible articu- 
lation; a subnarial diastema in the tooth row at the 
premaxilla-maxilla contact; the maxilla alveolar border sharply 
upcurved rostrally to the degree that the first maxillary tooth is 
oriented rostroventrally; the dentary rostral end dorsally raised 
over the length of the first three to four alveoli; serrations re- 
duced or absent on premaxillary teeth; the mesial premaxillary 
teeth subcircular to circular in cross section and straight or only 
slightly recurved (nearly conical); the premaxillary tooth row 
not extending caudally below the external naris; most mesial 
dentary teeth nearly straight, with subcircular cross section and 
reduced or absent serrations; the lacrimal rostral ramus longer 
than the ventral ramus; the axial diapophysis absent; the axial 
parapophysis reduced; the largest sacral rib articulating with the 
first caudosacral; the distal scapular blade expanding relative to 
the base of the blade; the humerus sigmoid in lateral view; the 


iliac-pubic articulation smaller than the iliac-ischial articula- 
tion; the distal end of the iliac-pubic peduncle having distinct 
cranial and ventral articular faces separated by a sharp angle; the 
distal pubis terminating with a small expansion, or “knob”; the 
femoral head ligament (ligamentum capitus femoralis) sulcus 
on the caudal surface of the proximal femur deep, giving the 
femur a caudally hooked profile in proximal view; and the 
medial flange on the distal fibula partly overlapping the as- 
cending process of the astragalus. 

Equivocal coelophysoid apomorphies include a skull length 
greater than three times the caudal skull height; the subnarial 
foramen absent; nasals bearing low ridges along lateral margins; 
a single opening for the trigeminal nerve; the mesial premaxil- 
lary teeth circular to subcircular in cross section and straight or 
only slightly recurved; postaxial the cervical and cranial dorsal 
pleurocoels deep ovoid pockets or well-defined fossae excavated 
into the lateral surfaces of centra; the length of the midcervical 
centra about twice the diameter of the cranial face; the cervical 
ribs long and extremely thin, four or more times as long as the 
centrum; a sharp ventral groove on at least the proximal caudal 
centra; pubic shafts separated by a short rectangular notch in 
the pubic apron at the distal extremity; the distal ischial shaft 
terminating in a small knob; the proximal end of the femur 
transversely elongate and wedge-shaped in proximal view; the 
distal end of the tibia not expanded caudal to the fibula; distal 
tarsal 3 fused to metatarsal III. 

Dilophosaurus wetherilli is a large coelophysoid known only 
from the Kayenta Formation (Sinemurian-Pliensbachian) of 
northeastern Arizona (Welles 1954, 1970, 1984). The sister taxon 
to the other coelophysoids, it is recognized by its highly arched, 
paired nasolacrimal crests, the cruciform distal extremities of 
its cervical neural spines, and the squared-off distal expansion 
of its scapular blade (Welles 1984). All individuals known so far 
are juveniles and subadults showing gracile features (Welles 
1984). Welles (1984) considered an incomplete robust individ- 
ual found near the locality where D. wetherilli was originally 
found to bea separate taxon, but it is now recognized as a larger, 
more ontogenetically developed individual. Hu (1993) assigned 
a second species to Dilophosaurus: D. sinensis, from the Lower 
Lufeng Series (Lower Jurassic) of China. Although the skull of 
this taxon sports large nasolacrimal crests superficially like those 
reconstructed in D. wetherilli (Welles 1984), features elsewhere 
in the skeleton ally it to tetanuran theropods. The taxonomic as- 
signment of the Chinese species remains in question (Lamanna 
et al. 1998). 

Another large coelophysoid, Liliensternus liliensterni, was found 
to be more derived than Dilophosaurus in this and other analy- 
ses (Rowe 1989; Rowe and Gauthier 1990). It is known from two 
incomplete subadult skeletons from the Knollenmergel (Norian) 
of Germany. Apart from those characters grouping them with 
other coelophysoids, and in particular the coelophysids, the 
two individuals do not preserve any shared apomorphies that 
might be considered diagnostic of Liliensternus. Until such data 
are found Liliensternus should be viewed as a metataxon. Huene 
(1934a) described the two skeletons under the name Haltico- 
saurus liliensterni, but Welles (1984) erected the name Lilien- 
sternus to emphasize their distinctness from Halticosaurus lon- 
gotarsus (Huene 1907-8) and Halticosaurus orbitoangulatus (Huene 
1932). This decision is justified in that the material referred to 
Liliensternus preserves data permitting its placement within 
Coelophysoidea, whereas the Halticosaurus material possesses 
no ceratosaurian features. Cuny and Galton (1993) erected a sec- 
ond species of Liliensternus, L. airelensis, based on fragmentary 
remains from northwestern France. The material possesses 
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one unambiguous ceratosaurian character (two pairs of cervical 
pleurocoels), and the pleurocoels are well-defined fossae on the 
lateral surface of the centra, a coelophysoid feature. As Lilien- 
sternus has no diagnostic apomorphies, the name cannot be ap- 
plied to the French material, and we consider it referable only 
to Coelophysoidea indet. 

Procompsognathus triassicus is based on a small, incomplete 
skeleton from the Stubensandstein (Norian) of Germany. It pre- 
serves the dorsal through the most proximal caudal vertebrae, 
the humerus, partial pelves, and hindlimbs (Fraas 1913, 1914; 
Huene 1921a; Ostrom 1981; Sereno and Wild 1992). Asmall skull 
once referred to P. triassicus is that of a small crocodylomorph 
(Sereno and Wild 1992). P. triassicus itself shares features with 
Segisaurus halli and Coelophysidae, including dorsal vertebral 
centra twice as long as tall and a markedly protruding cranial 
trochanter. The proximal tarsals are fused to one another and to 
the tibia, suggesting that this small individual may have been an 
adult. 

Segisaurus halli is based on another small, incomplete skele- 
ton lacking the skull and most of the dorsal and cervical vertebral 
series (Camp 1936) from the Navajo Sandstone (Pliensbachian- 
Toarcian) of northeastern Arizona; thus it is the geologically 
youngest known, unequivocal coelophysoid. An element first 
identified as one of a pair of clavicles (Camp 1936) is actually a 
furcula (Senter and Hutchinson 2001), a feature shared with 
Syntarsus and possibly Coelophysis (Tykoski 1998; Downs 2000; 
Tykoski et al. 2002). A structure unique to Segisaurus is a large 
opening in the ischial portion of the puboischial plate, named 
the ischial fenestra (Camp 1936). New preparation and restudy 
of S. halli promise to reveal much more about this taxon (Senter 
and Hutchinson 2001). 

As described elsewhere, Coelophysidae comprises Coelophysis 
and Syntarsus and all descendants of their most recent common 
ancestor. Our analysis found that Segisaurus may belong to 
this clade, although given the incomplete nature of known 
material, its phylogenetic position is likely to remain un- 
certain. There are large amounts of missing data for Segisaurus 
and the successive outgroups to Coelophysidae (e.g., Procomp- 
sognathus, Liliensternus). However, in those phylogenetic hy- 
potheses that found Segisaurus within Coelophysidae, the 
clade is unambiguously diagnosed by fusion of the pelvic 
bones and the presence of the pubic fenestra ventromedial to 
the obturator foramen. Regardless of the position of Segisaurus, 
it is clear that Coelophysis and Syntarsus are closely related. 
However, calls for synonymy between Coelophysis and Syntarsus 
(Paul 1988a, 1993) are academic arguments rooted in rank- 
based (i.e., noncladistic) classification and are not reflective of 
phylogeny. 

Coelophysis bauri is the best-represented Triassic (Carnian- 
Norian) theropod (Colbert 1989, 1990), although it has been the 
center of a heated debate over the diagnosability of its original 
material and its relationship to theropod material from the 
prolific Ghost Ranch Quarry locality (Padian 1986; Hunt and 
Lucas 1991a). Hunt and Lucas (1991a) urged restricting the name 
to the original material and proposed a new name for the Ghost 
Ranch theropods, Rioarribasaurus colberti. However, the Inter- 
national Commission on Zoological Nomenclature was peti- 
tioned to erect a neotype (Colbert et al. 1992), which it did ICZN 
1996). All the coelophysids from the Ghost Ranch locality are 
now considered Coelophysis bauri. Surprisingly, this well-known 
theropod has not been diagnosed by unique apomorphies and 
is currently a metataxon that possesses only those characters 
shared within Coelophysidae. 
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Fragmentary remains of a small theropod were recently 
collected from the Chinle Formation, near the Ghost Ranch 
locality, and were proposed to be a new taxon distinct from 
Coelophysis (Sullivan and Lucas 1999). The material represents a 
juvenile or subadult and cannot be unequivocally diagnosed 
from other coelophysoids. Two specimens from the Connecti- 
cut Valley, in the eastern United States, probably from the Port- 
land Formation (Lower Jurassic), were assigned to Coelophysis. 
One was composed solely of the lost specimen of Podokesaurus 
holyokensis (Talbot 1911). Colbert (1964b) referred this specimen 
to Coelophysis (C. holyokensis) on the basis of what can now be 
seen as shared plesiomorphic features. While Podokesaurus may 
possess coelophysoid characters (e.g., the small knoblike distal 
expansion of the pubis), it preserves no derived characters unit- 
ing it with Coelophysis. We agree with others (Olsen 1980c; 
Padian 1986; Rowe and Gauthier 1990) that the name Podoke- 
saurus holyokensis be restricted to the lost specimen. The other 
Connecticut Valley specimen is a natural cast of a partial tibia, 
pubis, and rib (Colbert and Baird 1958). This specimen may bea 
coelophysoid, but it possesses no characters diagnosable beyond 
the level of Theropoda. 

Syntarsus includes two taxa, S. rhodesiensis from the Forest 
Sandstone and Upper Elliot formations (Hettangian-Sinemurian) 
of southern Africa and S. kayentakatae from the Kayenta Forma- 
tion (Sinemurian-Pliensbachian) of Arizona (Raath 1969, 1977; 
Rowe 1989; Tykoski 1998). Syntarsus is diagnosed by the pres- 
ence of a small pit below the base of the nasal process of the pre- 
maxilla, nasal fenestrae in the skull roof, and a rostrally directed 
spur of the basioccipital roofing the basisphenoidal recess. It 
may also be distinguished by the presence of a large pneumatic 
foramen in the lateral surface of the basisphenoid that is later- 
ally overlapped by the crista prootica. Both taxa are represented 
by multiple individuals spanning a range of ontogenetic stages. 

An early skull reconstruction of S. rhodesiensis based on dis- 
articulated material exhibited an unusually large antorbital fen- 
estra (40% of the skull length) and a lacrimal that overlapped 
the maxilla and jugal laterally, reaching the alveolar border 
(Raath 1977). However, comparison with the articulated skull of 
S. kayentakatae shows that the lacrimal was reversed in the ear- 
lier reconstruction. When corrected the lacrimal abuts the max- 
illa and jugal ventrally, and it also has the effect of shortening 
the preorbital length of the skull. With these changes S. rhode- 
siensis lacks unambiguous apomorphies beyond those of Syntar- 
sus ancestrally. 

Syntarsus kayentakatae is unambiguously diagnosed by the 
caudal margin of the frontals being separated on the midline by 
a short rostral projection of the parietals and the presence of a 
faint groove across the cranial surface of the astragalus, as in 
Dilophosaurus wetherilli (Welles 1983, 1984). It may also be diag- 
nosable by its low nasal crests and the presence of a promaxillary 
fenestra (both reportedly absent in S. rhodesiensis and Coelophy- 
sis). It is unlikely that two crested coelophysoids would coexist 
in the North American southwest during the time represented 
by Kayenta sediments, but material of both taxa has been col- 
lected within a few hundred meters of one another at virtually 
the same stratigraphic level. Adults of S. kayentakatae are slightly 
larger than ontogenetically comparable individuals of S. rhode- 
siensis and have a greater dorsoventral profile to the preorbital 
region of the skull (Raath 1977; Rowe 1989; Tykoski 1998). 

Gojirasaurus quayi is one of the largest theropods known from 
the Late Triassic, reaching nearly the size of some Dilophosaurus 
(Parrish and Carpenter 1986; Carpenter 1997a). It is based on in- 
complete remains from the Cooper Canyon Formation (Norian) 


of the Dockum Group, New Mexico. The pubis shows slight cra- 
nial bowing, and the caudal border of the scapula is straight for 
most of its length, as in coelophysids (Carpenter 1997a). Our 
analysis shows Gojirasaurus to be more derived than Dilopho- 
saurus, but it is not diagnosable beyond this level. 

Camposaurus arizonensis is based on a small distal tibiotarsus 
and other fragmentary bones from the upper Carnian Placerias 
Quarry (lower Petrified Forest Member of the Chinle Formation), 
near St. Johns, Arizona (Hunt et al. 1998). The astragalus has a 
low, triangular ascending process as in coelophysoids and 
Elaphrosaurus. The distal fibula cranially overlaps the ascending 
process and is fused to the calcaneum, a condition also present 
in Syntarsus kayentakatae and Xenotarsosaurus bonapartei (Mar- 
tinez et al. 1986; Rowe 1989). The proximal femur of C. arizo- 
nensis bears remnants of a prominent trochanteric shelf and the 
partial sacrum is composed of four fused centra. This taxon is a 
coelophysoid, but at this time it cannot be diagnosed to a more 
specific level within the clade. 


Paleobiology 


Ceratosaurs had an essentially global distribution, their remains 
being found on every continent except Australia and Antarctica. 
This is especially true of the coelophysoids, which evidently en- 
joyed a Pangaean distribution during the Late Triassic and Early 
Jurassic. Ceratosaur fossils are almost always found associated 
with terrestrial faunas and in a range of depositional environ- 
ments. Genusaurus sisteronis was collected from marine lime- 
stones, but faunal and paleobotanical evidence suggest that it 
was buried in a nearshore setting (Accarie et al. 1995). The fossil 
record for Ceratosauria spans a minimum of 155 million years, 
from the late Carnian of the Late Triassic to the end of the Cre- 
taceous. Ceratosaurs evolved into a broad range of sizes and body 
forms, from lightly built, diminutive taxa such as Segisaurus 
(1-1.5 m in length) to the large abelisaurids, such as Carnotaurus 
(10-11 m). The Kayenta Formation (Sinemurian-Pliensbachian) 
of Arizona has produced the remains of three coelophysoid 
taxa of different body size, the most diverse ceratosaur fauna 
yet known (Tykoski 1998). This indicates that ceratosaurs had 
adapted to a wide range of predatory opportunities and roles 
in their respective environments. 

The distribution of noninterdigitating sutures and contacts 
in the skull of some reptilian groups was interpreted by some 
authors as indicating the presence of a system of levers driven 
by jaw muscles as an aid to predation (Bradley 1903; Versluys 
1910; Frazzetta 1962; lordansky 1968). Bakker (1986) rejected 
the lever-system hypothesis but argued that the looseness of 
skull elements in Ceratosaurus allowed the animal to ingest prey 
items larger than its own head. Welles (1984) also rejected the 
lever-system hypothesis and interpreted the potential mobility 
in the skull of Dilophosaurus as a sign of weakness, arguing that 
the loose connection of the premaxilla precluded the capture 
and subduing of live prey. 

The potential for movement between some cranial bones 
exists, but it is more likely that any movement was passive in 
nature, just a bending of the skull to accommodate the stresses 
imposed while biting and manipulating prey. The fibrous con- 
nections between skull elements would have provided shock- 
absorbing elasticity, ample tensile strength, and flexibility. This 
is close to Bakker’s (1986) hypothesis of cranial flexibility, but 
there is no evidence for the degree of mobility between elements 
that would have allowed the swallowing of prey items as large as 


he envisioned. The unique coelophysoid premaxilla-maxilla 
articulation and straight, unserrated premaxillary and rostral 
dentary teeth may have provided the ability for deft manipula- 
tion of smaller prey items. The rest of the coelophysoid denti- 
tion is powerful, and there is no reason to suppose that the pre- 
maxillary flexibility would have prevented these animals from 
acquiring live prey (contra Welles 1984). 

With the exception of Carnotaurus, abelisaurids have unusu- 
ally low-crowned teeth, different in proportion from those of 
Ceratosaurus and most tetanurans of comparable size (Chatter- 
jee and Rudra 1996; Sampson et al. 1998; Lamanna et al. 2002). 
It may be safe to assume that the extremely short forelimbs and 
exceptionally short manus of Carnotaurus (and possibly other 
abelisaurids) were not used to aid in catching prey. Abelisaurid 
skulls bear a large nuchal crest and a dorsally projecting parietal 
eminence. These would have provided large areas and lever 
arms for powerful neck musculature. It is possible that the large 
nuchal crest and parietal eminence evolved in response to re- 
duced forelimbs and smaller tooth crowns. 

Most ceratosaurs and many tetanurans for which adequate 
cranial material is known possess some sort of cranial ornamen- 
tation. Ceratosaurus nasicornis, Dilophosaurus wetherilli, and Syn- 
tarsus kayentakatae possess autapomorphic cranial crests. Those 
of Dilophosaurus and S. kayentakatae are too fragile for anything 
but display purposes. The medial nasal horn and lacrimal horn- 
lets of Ceratosaurus were more robust structures, but these and its 
median dermal osteoderms might have served a similar display 
function. The grotesque supraorbital horns of Carnotaurus sas- 
trei may have been able to absorb more physical stresses than the 
cranial structures mentioned above, presenting the possibility 
of more physical infraspecific contests in this taxon. X-ray CT 
scans reveal the median frontal dome of Majungatholus atopus 
to be hollow, reducing the likelihood that the structure was 
used in excessively physical infraspecific fighting (Sampson et 
al. 1998). The fused nasals of abelisaurids are notable for their ru- 
gose, pitted external texture (Bonaparte and Novas 1985; Bona- 
parte et al. 1990; Sampson et al. 1998). It is possible that in life 
the nasals were covered by rough, keratinous skin or other non- 
bony tissue. Widespread cranial ornamentation, the presence 
of sexual dimorphism in coelophysoids, and taphonomic evi- 
dence (see below) all suggest some degree of complex social be- 
havior among ceratosaur taxa. 

Several coelophysoid taxa were collected from mass burials, 
where multiple individuals were preserved together. Syntarsus 
rhodesiensis is known from at least thirty individuals found at 
localities in Zimbabwe and South Africa (Gow and Raath 1977; 
Raath 1977, 1980). The Kayenta Formation has produced several 
mass burial sites, including one that included the remains of 
at least three individuals of Syntarsus kayentakatae (Rowe 1989). 
Dilophosaurus wetherilli was first collected from a locality that 
yielded three individuals (Welles 1984). Another Kayenta lo- 
cality has yielded the remains of at least sixteen individuals of 
a new coelophysoid taxon (Tykoski 1997, 1998). The prolific 
Ghost Ranch Quarry of New Mexico has yielded thousands of 
specimens that may represent hundreds of individuals of Coelo- 
physis bauri, and there are still large blocks from this site await- 
ing preparation (Colbert 1989; Schwartz and Gillette 1994). 
Liliensternus liliensterni comes from a site that produced at least 
two individuals (Huene 1934a). 

The depositional setting of coelophysoid mass-burial sites is 
variable. A taphonomic study of the Ghost Ranch site suggested 
that large numbers of Coelophysis and other taxa were concen- 
trated and died near dwindling water supplies during severe 
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drought and that subsequent refilling and overbank flow 
transported and buried the multitude of Coelophysis carcasses 
(Schwartz and Gillette 1994). Syntarsus kayentakatae was col- 
lected from a meter-thick sandstone that may have been de- 
posited during flash floods in an ephemeral stream channel. 
Some Dilophosaurus wetherilli material was preserved in over- 
bank deposits. Raath (1980) reported Syntarsus rhodesiensis 
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burials in thin fluvial lenses within aeolian deposits. The mono- 
specific (or paucispecific) nature of these sites led Welles (1984) 
to suggest that group behavior contributed to the circumstances 
that led to these mass accumulations. Among neoceratosaurs 
only Masiakasaurus knopfleri is known from a site producing 
multiple individuals—at least six individuals, recovered from 
the same locality (Sampson et al. 2001). 
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Basal Tetanurae 
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Tetanurae was coined by Gauthier (1986) as a new taxon name 
for modern birds (Aves in his taxonomy) and all taxa sharing a 
more recent common ancestor with birds than with Cerato- 
sauria (see also Sereno 1998; Padian et al. 1999). As then de- 
scribed, this taxon comprised Carnosauria (in Gauthier’s study 
essentially Allosaurus, tyrannosaurids, and their allies) and a re- 
defined Coelurosauria, containing modern birds and all taxa 
closer to modern birds than to Carnosauria. At that time Gau- 
thier recognized that some medium to large theropods, such as 
Megalosaurus and Eustreptospondylus, possessed some carnosaur- 
like attributes but lacked certain apomorphies shared by Allo- 
saurus, tyrannosaurids, and his “coelurosaurs.” 

Subsequent discoveries (Charig and Milner 1986, 1990, 1997; 
Currie and Zhao 1993a; Zhao and Currie 1993; Sereno et al. 
1994, 1996, 1998; Allain 2002; Chure, in press) and phylo- 
genetic analyses (Novas 1992a; Pérez-Moreno et al. 1993; Holtz 
1994, 1998a, 2001a; Makovicky and Sues 1998; Sereno 1999a; 
Rauhut 2003) have clarified some aspects of the tetanuran radi- 
ation. Carnosauria does represent a monophyletic group com- 
posed of Allosaurus and all taxa closer to it than to modern birds 
and thus by definition represents the sister group to Coeluro- 
sauria; the clade composed of all descendants of the most recent 
common ancestor of Allosaurus and Aves is called Avetheropoda 
(Paul 1988a). Tyrannosaurids are now regarded as coeluro- 
saurians rather than carnosaurians (Currie 1988; Novas 1992b; 
Holtz 1994, 1998a; Sereno et al. 1994; Sereno 1999a; Rauhut 
2003). In many studies, although not all (Rauhut 2003), a series 
of basal tetanurans, including Megalosaurus, Torvosaurus, and 
Spinosauridae, represent tetanurans outside of Avetheropoda. 
In the studies of Sereno (1999a) and Rauhut (2003) these taxa 
form the monophyletic clade Spinosauroidea, while in the 
analyses of Holtz (1994, 1998a) they instead form a paraphyletic 
grade of tetanurans outside of Avetheropoda. 

The taxonomy of this chapter largely follows Padian et al. 
(1999). Sereno (1997, 1998, 1999a) has proposed an alternative 
taxonomy retaining the same essential relationships. In Sereno’s 
taxonomy Allosauroidea has the same definition as Carno- 
sauria here (a more restricted definition of Allosauroidea is 
employed in this chapter: the most recent common ancestor 
of Allosaurus fragilis and Sinraptor dongi and all of its descen- 
dants); Neotetanurae rather than Avetheropoda is the name 


given to the clade comprising all descendants of the most recent 
common ancestor of Allosaurus and Aves. 

This chapter examines spinosauroids, carnosaurs, and basal 
coelurosaurs (table 4.1). More derived coelurosaurian groups, 
including Tyrannosauroidea (Holtz, this vol.), Ornithomimo- 
sauria (Makovicky et al., this vol.), Oviraptorosauria (Osmolska 
et al., this vol.), Therizinosauroidea (Clark et al., this vol.), Al- 
varezsauridae (Padian, this vol.), Troodontidae (Makovicky and 
Norell, this vol.), Dromaeosauridae (Norell and Mackovicky, this 
vol.), and Avialae (Padian, this vol.) are discussed in other chap- 
ters. Thus, the dinosaurs in the present chapter do not form a 
monophyletic group. Even so, the scope of their taxonomic 
and morphologic diversity is considerable, ranging in size from 
the 1 m long Compsognathus to the 14 m long Giganotosaurus (at 
present the largest known fully terrestrial carnivorous animal in 
Earth’s history) and in form from plesiomorphic forms such as 
Piatnitzkysaurus through the highly aberrant spinosaurids. The 
basal tetanurans retain the same general body form found in 
other nonmaniraptoriform theropods: striding obligate bipeds 
with skulls armed with simple bladelike (ziphodont) dentition 
and a powerfully developed but short forelimb. 

Among the taxa in this chapter are the largest carnivorous 
dinosaurs found in Middle Jurassic through early Late Creta- 
ceous faunal assemblages. Only in the later part of the Late 
Cretaceous are spinosauroids and carnosaurs replaced by abeli- 
saurid ceratosaurs or tyrannosauroid coelurosaurs as the top 
carnivores of Europe plus Gondwana and Asiamerica, respec- 
tively. However, this chapter also discusses some of the smallest 
nonavian dinosaurs, including Compsognathus and Sinosaur- 
opteryx. The latter taxon is of significant historical importance 
as the first nonavialan dinosaur discovered with a plumulaceous 
integument (Ji and Ji 1996). 

If coelophysoids are part of Ceratosauria (see Tykoski and 
Rowe, this vol.), then tetanurans must have been present since 
the Carnian (Late Triassic). If instead, as proposed by Bakker 
et al. (1988), Currie (1997a), Rauhut (1998), and Carrano and 
Sampson (1999), Ceratosaurus and tetanurans shared a more 
recent common ancestor with each other than either did with 
Coelophysis, the divergence between more restricted Cerato- 
sauria and Tetanurae may have been geologically more recent. 
At present the stratigraphically oldest described tetanuran is 
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TABLE 4.1 


Bakker, Kralis, Siegwarth, et 
Filla, 1992) 


Eustreptospondylinae Paul, 1988a 
Eustreptospondylus Walker, 1964 
E. oxoniensis Walker, 1964 


Afrovenator Sereno, Wilson, Larsson, 
Dutheil, et Sues, 1994 
A. abakensis Sereno, Wilson, Larsson, 
Dutheil, et Sues, 1994 
Piatnitzkysaurus Bonaparte, 1979a 
P. floresi Bonaparte, 1979a 


Unnamed eustreptospondyline 
(= “Poekilopleuron” valesdunensis 
Allain, 2002) 
Spinosauridae Stromer, 1915 
(= Baryonychidae Charig et Milner, 1986; 
Irritatoridae Martill, Cruickshank, Frey, 
Small, et Clarke, 1996) 
Baryonychinae (Charig et Milner, 1986) 
Baryonyx Charig et Milner, 1986 
B. walkeri Charig et Milner, 1986 


Suchomimus Sereno, Beck, Dutheil, Gado, 
Larsson, Lyon, Marcot, Rauhut, Sadleir, 
Sidor, Varricchio, Wilson, et Wilson, 1998 
S. tenerensis Sereno, Beck, Dutheil, 

Gado, Larsson, Lyon, Marcot, Rauhut, 
Sadleir, Sidor, Varricchio, Wilson, et 
Wilson, 1998 


Formation (Utah), 
Morrison Formation 
(Wyoming), United States 


Middle Oxford Clay 
(Oxfordshire), England 


Tiourarén Formation, 
(Agadez), Niger 


Canadon Asfalto Formation 
(Chubut), Argentina 

Calcaire de Caen Formation 
(Calvados), France 


Weald Clay (Surrey), 
England 


Elrhaz Formation (Agadez), 
Niger 


late Callovian 


Barremian 


Callovian 


middle 
Bathonian 


Barremian 


late Aptian 


Basal Tetanurae 
Occurrence Age Material 
Theropoda Marsh, 1881a 
Tetanurae Gauthier, 1986 
Unnamed tetanuran Lower Shaximiao Formation Bathonian- Incomplete skeletons of at 
(= “Szechuanosaurus” zigongensis (Sichuan), People’s Callovian least 2 individuals, 
Gao, 1993) Republic of China fragmentary postcrania 
Xuanhanosaurus Dong, 1984 
X. qilixiaensis Dong, 1984 Lower Shaximiao Formation Bathonian- Vertebrae, forelimb 
(Sichuan), People’s Callovian 
Republic of China 
Spinosauroidea (Stromer, 1915) 
Megalosauridae Huxley, 1869a 
(= Torvosauridae Jensen, 1985b) 
Megalosaurinae (Huxley, 1869a) 
Megalosaurus Buckland, 1824 
M. bucklandi Ritgen, 1826 Stonesfield Slate middle Dentary, referred material 
(Oxfordshire), England Bathonian including teeth and 
postcranial remains 
Poekilopleuron Eudes-Deslongchamps, 
1838 
P. bucklandii Eudes-Deslongchamps, —_Calcaire de Caen (Calvados), middle Partial postcranial skeleton 
1838 France Bathonian 
Torvosaurus Galton et Jensen, 1979a 
(= Edmarka Bakker, Kralis, Siegwarth, 
et Filla, 1992) 
T. tanneri Galton et Jensen, 1979a Morrison Formation, Kimmeridgian- Partial skeletons of at least 
(including Edmarka rex (Colorado), Morrison Tithonian 3 individuals 


Disarticulated skull and 
skeleton, referred limb 
elements 


Partial skull and associated 
postcranium 


2 fragmentary skulls with 
associated postcrania 

Nearly complete skull and 
associated partial skeleton 


Partial skull and associated 
postcranial skeleton, 
partial skulls 


Partial skull and associated 
skeleton 


TABLE 4.1 (CONTINUED) 


Occurrence Age Material 
Cristatusaurus Taquet et Russell, 1998 
C. lapparenti Taquet et Russell, 1998 Elrhaz Formation (Agadez), late Aptian Partial skull and postcranial 
Niger remains 
Spinosaurinae (Stromer, 1915) 
Spinosaurus Stromer, 1915 
S. aegyptiacus Stromer, 1915 Baharija Formation (Marsa Cenomanian Jaw fragments, vertebrae, 
Matruh), Egypt; hindlimb elements 
Continental Red Beds 
(Ksar-es-Souk), Morocco 
S. maroccanus Russell, 1996 Continental Red Beds Cenomanian Cervical vertebrae, dentary 
(Ksar-es-Souk), Morocco fragments, dorsal neural arch 
Irritator Martill, Cruickshank, Frey, 
Small, et Clarke, 1996 
I. challengeri Martill, Cruickshank, Santana Formation (Ceara), ?Albian Partial skull 
Frey, Small, et Clarke, 1996 Brazil 
Angaturama Kellner et Campos, 1996 
A. limai Kellner et Campos, 1996 Santana Formation (Ceara), ?Albian Rostral portion of skull 


Tetanurae incertae sedis 
Becklespinax Olshevsky, 1991 
B. altispinax (Paul, 1988a) 
(= Acrocanthosaurus altispinax Paul, 
1988a) 
Chilantaisaurus Hu, 1964 
C. tashuikouensis Hu, 1964 


2C. sibiricus (Riabinin, 1914) 
(= Allosaurus sibiricus Riabinin, 1914) 


Erectopus Huene, 1921a 
E. sauvagei Huene, 1932 


E. superbus (Huene, 1932) 
(= Megalosaurus superbus Sauvage, 
1882) 
Tliosuchus Huene, 1932 
I. incognitus Huene, 1932 


Kaijiangosaurus He, 1984 
K. lini He, 1984 


Kelmayisaurus Dong, 1973 
K. petrolicus Dong, 1973 


Magnosaurus Huene, 1932 
M. nethercombensis (Huene, 1926b) 
(= Megalosaurus nethercombensis 
Huene, 1926b) 
Unnamed tetanuran (= “Megalosaurus” 
hesperis Waldman, 1974) 
Metriacanthosaurus Walker, 1964 
M. parkeri (Walker, 1964) 
(= Megalosaurus parkeri Huene, 1923) 
Piveteausaurus Taquet et Welles, 1977 
P. divesensis (Walker, 1964) 
(= Eustreptospondylus divesensis 
Walker, 1964) 


Brazil 


Hastings Beds (East Sussex), 
England 


Ulansuhai Formation (Nei 
Mongol Zizhiqu), People’s 
Republic of China 


Turginskaya Svita 
(Buriat-mongolskaya 
Avtonomnaya S.S.R.), 
Russia 


Unnamed unit (Meuse), 
France 

Unnamed unit (Meuse), 
unnamed unit (Pas-de- 
Calais), France 


Stonesfield Slate 
(Oxfordshire), England 


Lower Shaximiao Formation 
(Sichuan), People’s 
Republic of China 


Tugulu Group (Xinjiang 
Uygur Zizhiqu), People’s 
Republic of China 


Inferior Oolite (Dorset), 
England 


Inferior Oolite (Dorset), 
England 


Corallian Oolite Formation 
(Dorset), England 


Marnes de Dives (Calvados), 
France 


late Berriasian- 
Valanginian 


?Aptian- 
?Albian or 
Late 
Cretaceous 


Berriasian- 
Hauterivian 


Albian 


Albian 


middle 
Bathonian 


Bathonian- 


Callovian 


?Valanginian- 
Albian 


Aalenian- 
Bajocian 


Aalenian- 
Bajocian 


early-middle 
Oxfordian 


late Callovian 


Dorsal vertebrae 


Fragmentary postcranial 
skeleton 


Metatarsal 


Fragmentary skeleton 


Teeth 


2 ilia 


Vertebrae 


Maxilla and dentary 


Dentaries, vertebrae, pubis, 
femora, tibiae 
Skull elements 


Partial postcranial skeleton 


Braincase 


(continued) 


TABLE 4.1 (CONTINUED) 


Occurrence Age Material 
Rapator Huene, 1932 
R. ornitholestoides Huene, 1932 Griman Creek Formation Albian Manual element 
(New South Wales), 
Australia 
Sigilmassasaurus Russell, 1996 
S. brevicollis Russell, 1996 Continental Red Beds Cenomanian Cervical vertebrae 


Streptospondylus Meyer, 1832 
S. altdorfensis Meyer, 1832 (= Laelaps 
gallicus Cope, 1867) 


Unnamed tetanuran (= “Zanclodon” 
cambrensis Newton, 1899) 
Avetheropoda Paul, 1988a 
Carnosauria Huene, 1920 
Lourinhanosaurus Mateus, 1998 
L. antunesi Mateus, 1998 


Monolophosaurus Zhao et Currie, 1993 
M. jiangi Zhao et Currie, 1993 


Cryolophosaurus Hammer et Hickerson, 
1994 
C. ellioti Hammer et Hickerson, 1994 


Fukuiraptor Azuma et Currie, 2000 
F. kitadaniensis Azuma et Currie, 2000 


Siamotyrannus Buffetaut, Suteethorn, et 
Tong, 1996 
S. isanensis Buffetaut, Suteethorn, et 

Tong, 1996 
Allosauroidea Currie et Zhao, 1993a 
Sinraptoridae Currie et Zhao, 1993a 

Sinraptor Currie et Zhao, 1993a 

S. heping Currie et Zhao, 1993a 


S. hepingensis (Gao, 1992) 
(= Yangchuanosaurus hepingensis Gao, 
1992) 
Yangchuanosaurus Dong, Chang, Li, et 
Zhou, 1978 
Y. shangyouensis Dong, Chang, 
Li, et Zhou, 1978 


Y¥. magnus Dong, Zhou, et 
Zhang, 1983 


Allosauridae Marsh, 1879a 
Allosaurus Marsh, 1877b (= Antrodemus 
Leidy, 1870; Creosaurus Marsh, 1878a, 
Epanterias Cope, 1878b; Labrosaurus 
Marsh, 1879a) 


(Ksar-es-Souk), Morocco 


Unnamed unit (Calvados), 
France 


Rhaetic Beds (Mid- 
Glamorganshire), Wales 


Unidade Amoriera-Porto 
Novo, (Leiria); Unidade 
Sobral, unnamed unit 
(Lisbon), Portugal 


Wucaiwan Formation 
(Xinjiang Uygur Zizhiqu), 
People’s Republic of China 


Hanson Formation 
(Transantarctic 
Mountains), Antarctica 


Kitadani Formation (Fukui), 
Japan 


Sao Khua Formation 
(Khon Kaen), Thailand 


Shishugou Formation 
(Xinjiang Uygur Zizhiqu), 
People’s Republic of China 

Upper Shaximiao 
Formation (Sichuan), 
People’s Republic of China 


Upper Shaximiao 
Formation (Sichuan), 
People’s Republic of China 

Upper Shaximiao 
Formation (Sichuan), 
People’s Republic of China 


late Callovian 
or early 
Oxfordian 

Rhaetian 


late 
Kimmeridgian- 
Tithonian 


Middle Jurassic 


Sinemurian- 


Pliensbachian 


Aptian- 
Albian 


Hauterivian- 
Valanginian 


?Bathonian 
Oxfordian 


Late Jurassic 


Late Jurassic 


Late Jurassic 


Cervical, dorsal, sacral, and 
caudal vertebrae, partial 
hindlimb 

Mold of dentary 


Partial postcranium 


Complete skull, postcranium 
missing limbs 


Partial skull and partial 
postcranium 


Partial skull and associated 
partial postcranium 


Pelvis, dorsal, sacral, and 
caudal vertebrae 


Nearly complete skull and 
skeleton 


Nearly complete skull and 
skeleton 


Skeleton lacking forelimbs, 
pes, and distal caudal series 


Skull, vertebrae, pelvis, femur 


TABLE 4.1 (CONTINUED) 


Occurrence Age Material 
A. fragilis Marsh, 1877b (including Morrison Formation Kimmeridgian- At least 3 complete skulls, 
Poicilopleuron valens Leidy, 1870; (Colorado), Morrison Tithonian many partial skull and skull 
Laelaps trihedrodon Cope, 1877a; Formation (Montana), elements, many partial and 
Creosaurus atrox Marsh, 1878a; Morrison Formation (New complete skeletons 
Epanterias amplexus Cope, 1878b; Mexico), Morrison representing at least 
Hypsirhophus discurus Cope, 1878a Formation (Oklahoma), 60 individuals 
partim; A. lucaris Marsh, 1878a; A. ferox Morrison Formation 
Marsh, 1896; Labrosaurus ferox Marsh, (South Dakota), Morrison 
1884a) Formation (Utah), 
Morrison Formation 
(Wyoming), United States 
Unnamed Allosaurus species (Chure, Morrison Formation Kimmeridgian- Nearly complete skull and 
in press) (Utah), United States Tithonian skeleton 
7A. tendagurensis Janensch, 1925 Tendaguru Beds (Mtwara), Kimmeridgian Tibia 
Tanzania 
Saurophaganax Chute, 1996 
(= Saurophagus Ray, 1941) 
S. maximus Chute, 1996 Morrison Formation Kimmeridgian- Isolated cranial and 
(= Saurophagus maximus Ray, 1941) (Oklahoma), United States Tithonian postcranial elements 
Unnamed allosauroid (Pérez-Moreno et al., Unnamed unit (Gard), Valanginian Incomplete forelimb 


1993) 
Carcharodontosauridae Stromer, 1931 
Acrocanthosaurus Stovall et Langston, 
1950 
A. atokensis Stovall et Langston, 1950 


Carcharodontosaurus Stromer, 1931 
C. saharicus (Depéret et Savornin, 1927) 
(= Megalosaurus saharicus Depéret et 
Savornin, 1927; Megalosaurus africanus 
Huene, 1956) 


Giganotosaurus Coria et Salgado, 1995 
G. carolinii Coria et Salgado, 1995 


Neovenator Hutt, Martill, et Barker, 1996 
N. salerii Hutt, Martill, et Barker, 1996 


Unnamed carcharodontosaurid 


Unnamed carcharodontosaurid 


France 


Antlers Formation 
(Oklahoma), Twin 
Mountains Formation 
(Texas), United States 


Bahariya Formation (Marsa 
Matruh), Egypt; Upper 
Kem Kem Beds, 
Continental Red Beds, 


Tegana Formation (Ksar-es- 


Souk), Morocco; Chenini 
Formation, “Continental 
intercalaire” (Medinine), 
Tunisia; “Continental 
intercalaire” (Adrar), 
“Continental intercalaire” 
(Tamenghest), 
“Continental intercalaire” 
(Wargla), Algeria; 
“Continental intercalaire” 
(Gharyan), Libya; 
“Continental intercalaire” 
(Agadez), Niger 


Rio Limay Formation 
(Neuquén), Argentina 


Wessex Formation 
(Isle of Wight), England 
Rio Limay Formation 
(Neuquén), Argentina 


Rio Colorado Formation, 
(Mendoza), Argentina 


Aptian-middle 
Albian 


late Aptian- 
Cenomanian 


Albian- 
Cenomanian or 
Cenomanian- 
Turonian 


Barremian 


Albian- 
Cenomanian or 
Cenomanian- 
Turonian 

Santonian- 
early 
Campanian 


2 partial skulls with associate 
postcrania 


Fragmentary skull with 
associated postcrania, 
isolated teeth, isolated 
postcrania 


Partial skull and skeleton, 
isolated dentary 


Partial skull and skeleton 


Skulls and associated 
postcrania 


Partial skull and skeleton 


(continued) 


TABLE 4.1 (CONTINUED) 


Occurrence Age Material 
Coelurosauria Huene, 1914a 
Compsognathidae Cope, 1871 
Compsognathus Wagner, 1861 
C. longipes Wagner, 1861 (including Ober Solnhofen Plattenkalk Kimmeridgian 2 skulls and associated 
C. corallestris Bidar, Demay, et Thomel, (Bayern), Germany; postcranial skeletons 
1972) Lithographic 
Limestone (Var), France 
Sinosauropteryx Ji et Ji, 1996 
S. prima Ji et Ji, 1996 Yixian Formation Barremian At least 3 nearly complete 
(Liaoning), People’s skeletons 
Republic of China 
Aristosuchus Seeley, 1882 
A. pusillus (Owen, 1876a) Wessex Formation Barremian Sacrum and pubes 
(= Poekilopleuron pusillus (Isle of Wight), England 
Owen, 1876a) 
Unnamed compsognathid Santana Formation ?Albian Pelvis, sacrum, incomplete 
(Ceara), Brazil hindlimbs 
Coelurosauria incertae sedis 
Nedcolbertia Kirkland, Britt, Whittle, 
Madsen, et Burge, 1998 
N. justinhofmanni Kirkland, Britt, Lower Cedar Mountain Barremian- Partial skeletons of 3 
Whittle, Madsen, et Burge, 1998 Formation (Utah), Hauterivian individuals 
United States 
Scipionyx Dal Sasso et Signore, 1998 
S. samniticus Dal Sasso et Signore, 1998 “Calcari selciferi ed early Albian Skeleton lacking distal 
ittiolitiferi di Pietraroia” hindlimb and tail 
(Salerno), Italy 
Proceratosaurus Huene, 1926a 
P. bradleyi (Woodward, 1910) Forest Marble middle Partial skull and mandible 
(= Megalosaurus bradleyi Woodward, (Gloucestershire), England Bathonian 
1910) 
Ornitholestes Osborn, 1903 
O. hermanni Osborn, 1903 Morrison Formation Kimmeridgian- Skull and associated 
(Wyoming), Morrison Tithonian postcranial skeleton 
Formation (Utah), United 
States 
Nqwebasaurus de Klerk, Forster, 
Sampson, Chinsamy, et Ross, 2000 
N. thwazi de Klerk, Forster, Sampson, Upper Kirkwood Formation —_?Late Jurassic- Partial skeleton 
Chinsamy, et Ross, 2000 (Cape Province), South early 
Africa Valanginian 
Coelurus Marsh, 1879c 
C. fragilis Marsh, 1879c (including Morrison Formation Kimmeridgian- Postcranial skeleton 
C. agilis Marsh, 1884a) (Wyoming), Morrison Tithonian 
Formation (Utah), United 
States 
Archaeornithoides Elzanowski et 
Wellnhofer, 1992 
A. deinosauriscus Elzanowski et Djadokhta Formation middle Partial skull 
Wellnhofer, 1992 (Omnégov’), Mongolia Campanian 
Deltadromeus Sereno, Duthiel, 
larochene, Larsson, Lyon, Magwene, 
Sidor, Varricchio, et Wilson, 1996 
D. agilis Sereno, Duthiel, larochene, Upper Kem Kem Beds Cenomanian Partial skeleton, isolated limb 
Larsson, Lyon, Magwene, Sidor, (Ksar-es-Souk), Morocco elements 
Varricchio, et Wilson, 1996 
Kakuru Molnar et Pledge, 1980 
K. kujani Molnar et Pledge, 1980 Maree Formation Aptian Hindlimb 


(South Australia), Australia 


TABLE 4.1 (CONTINUED) 


Occurrence 


Age 


Material 


Ricardoestesia Currie, Rigby, et Sloan, 
1990 


R. gilmorei Currie, Rigby, et Sloan, 1990 


R. isosceles Sankey, 2001 


Unnamed Ricardoestesia species 


Tugulusaurus Dong, 1973 
T. faciles Dong, 1973 


Avetheropoda incertae sedis 
Bahariasaurus Stromer, 1934b 
B. ingens Stromer, 1934b 


Gasosaurus Dong et Tang, 1985 
G. constructus Dong et Tang, 1985 


Marshosaurus Madsen, 1976b 
M. bicentesimus Madsen, 1976b 


Ozraptor Long et Molnar, 1998 
O. subotaii Long et Molnar, 1998 


Quilmesaurus Coria, 2001 
Q. curriei Coria, 2001 


Shanyangosaurus Xue, Zhang, et Bi, 
1996 
S. niupanggouensis Xue, Zhang, et Bi, 
1996 


Valdoraptor Olshevsky, 1991 
V. oweni (Lydekker, 1889e) 
(= Megalosaurus oweni Lydekker, 1889e) 


Milk River Formation, 
Dinosaur Park Formation, 
Horseshoe Canyon 
Formation, Scollard 
Formation (Alberta), 
Frenchman Formation 
(Saskatchewan), Canada; 
Aguja Formation (Texas), 
Judith River Formation 
(Montana), United States; 
Csehbany Formation 
(Veszprém), Hungary 

Aguja Formation 
(Texas), United States 
Dinosaur Park Formation 
Horseshoe Canyon 
Formation, Scollard 
Formation (Alberta), 
Canada 

Milk River Formation 
(Alberta), Canada 


Tugulu Group (Xinjiang 
Uygur Zizhiqu), People’s 
Republic of China 


Baharija Formation (Marsa 
Matruh), Egypt; Farak 
Formation, unnamed 
unit, Dukamaje Formation 
(Tahoua), “Continental 
intercalaire” (Agadez), 
Niger 


Lower Shaximiao 
Formation (Sichuan), 
People’s Republic of China 


Morrison Formation (Utah), 
United States 


Colalura Sandstone 
(Western Australia), 
Australia 


Allen Formation 
(Rio Negro), Argentina 


Shanyang Formation 
(Shaanxi), People’s 
Republic of China 


Hasting Beds (Kent), 
England 


late Santonian- 
late 
Maastrichtian 


early 
Campanian- 
late 
Maastrichtian 


early Campanian 


?Valanginian- 
Albian 


?late Albian- 
early 
Cenomanian, 
Maastrichtian 


Bathonian- 


Callovian 


Kimmeridgian- 


Tithonian 


Bajocian 


middle 
Campanian 


Late Cretaceous 


late Berriasian- 
Valanginian 


2 dentaries with replacement 
teeth, isolated teeth 


Isolated teeth 


Teeth 


Hindlimb, rib, vertebral 
centrum 


Isolated postcranial elements 


Postcranial skeleton 


Partial skull and postcranial 
skeleton 


Distal tibia 


Distal femur, tibia 


Partial sacrum, partial 
scapula, humeri, femur, 
tibia, metatarsals, phalanges 


Metatarsals 


(continued) 


TABLE 4.1 (CONTINUED) 


Nomina dubia Material 
Allosaurus medius Marsh, 1888b Tooth 
Aublysodon lateralis Cope, 1876a Isolated teeth 
Calamospondylus foxi Lydekker, 1889e Vertebrae 


Calamospondylus oweni Fox, 1866 

(type of Aristosuchus Seeley, 1887a) 
Chienkosaurus ceratosauroides (Young, 1942b) 
Chuandongocoelurus primitivus He, 1984 
Coelurus gracilis Marsh, 1888b 
Creosaurus potens Lull, 1911b 
Dandakosaurus indicus Yadagiri, 1982 
Embasaurus minax Riabinin, 1931la 
Inosaurus tedreftensis Lapparent, 1960a 
Laelaps macropus Cope, 1868 
Megalosaurus bredai Seeley, 1883 

(type of Betasuchus Huene, 1932) 
Megalosaurus chubutensis Corro, 1974 
Megalosaurus dunkeri Dames, 1884 

(type of Altispinax Huene, 1923) 
Megalosaurus hungaricus Nopcsa, 1901 
Megalosaurus inexpectatus Corro, 1966 
Megalosaurus ingens Janensch, 1920 
Megalosaurus insignis Eudes-Deslongchamps, 1870 
Megalosaurus lonzeensis Dollo, 1883a 
Megalosaurus lydekkeri Huene, 1926c 
Megalosaurus meriani Greppin, 1870b 
Megalosaurus pannoniensis Seeley, 1881 
Megalosaurus pombali Lapparent et Zbyszewski, 1957 
Megalosaurus superbus Sauvage, 1882 partim 
Megalosaurus terquemi Huene, 1926b 
Nuthetes destructor Owen, 1854 partim 
Phaedrolosaurus ilikensis Dong, 1973 
Poekilopleuron schmidti Kiprijanov, 1883 
Prodeinodon kwangshiensis Hou, Yeh, et Zhao, 1975 
Prodeinodon mongoliensis Osborn, 1924c 
Scrotum humanum Brookes, 1763 
Siamosaurus suteethorni Buffetaut et Ingavat, 1986 
Sinocoelurus fragilis Young, 1942b 
Streptospondylus cuvieri Owen, 1842a 
Szechuanosaurus campi Young, 1942b 
Szechuanosaurus yandonensis Dong, Chang, Li, et Zhou, 1978 
Teinurosaurus sauvagei (Huene, 1932) 

(type of Caudocoelus Huene, 1932) 
Wakinosaurus satoi Okazaki, 1992a 
Walgettosuchus woodwardi Huene, 1932 


Vertebrae, pubes, phalanx 


Isolated teeth 

Vertebrae, ?scapula, pelvis, femur, tibia, fibula, partial pes 
Manual ungual, teeth 

Vertebra 

Proximal pubis 

Vertebrae 

Vertebrae 

Pedal remains 

Femur 


Tooth 
Isolated teeth 


Tooth 

Tooth 

Tooth 

Teeth, isolated postcrania 
Pedal ungual 

Tooth 

Tooth 

Isolated teeth 

Vertebrae 

Isolated teeth 

Teeth 

Fragmentary dentary, postcranium 
Tibia, phalanges 

Ribs, tibia fragment 
Isolated teeth 
Fragmentary tooth 
Fragmentary femur 
Isolated teeth 

Isolated teeth 
Vertebrae, limb elements 
Isolated teeth 

Isolated teeth 
Vertebra 


Incomplete tooth 
Vertebra 


Cryolophosaurus, from the Early Jurassic of Antarctica. If Cryo- 
lophosaurus were confirmed as a carnosaur, as supported here, 
this would indicate that the basal divergence between Carno- 
sauria and Coelurosauria (and consequently the more basal di- 
vergences of Spinosauroidea and other primitive nonavethero- 
podan tetanurans) would have to have occurred sometime within 
the Early Jurassic at the earliest. (Support for this hypothesis 
exists in the form of Eshanosaurus, a possible therizinosauroid 
coelurosaur from the Early Jurassic [Sinemurian Age] Lower 
Lufeng Series of China [Zhao and Xu 1998; Xu et al. 2001].) The 
problematic “Zanclodon” cambrensis is a Late Triassic (Rhaetian) 
specimen, but its tetanuran status has never been established. 
Similarly, a possible tetanuran has been reported from the No- 
rian Los Colorados Formation (Arcucci and Coria 1998); how- 
ever, the phylogenetic position of this specimen is yet to be de- 
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termined, and at least some of the purported tetanuran synapo- 
morphies of this specimen (e.g., the presence of a promaxillary 
fenestra) also occur in nontetanuran theropods, including the 
coelophysoid Dilophosaurus and the abelisaurids. Tetanurae, Ave- 
theropoda, and Coelurosauria are still extant as clades in the form 
of Aves; among the various subclades of tetanurans examined in 
this chapter, Spinosauroidea and Carnosauria are not known 
past the Cenomanian (early Late Cretaceous), while the prob- 
lematic coelurosaur Shanyangosaurus is from the Maastrichtian. 


Definition and Diagnosis 


Tetanurae can be defined as a stem-based clade that includes 
Passer domesticus (the extant European sparrow) and all taxa 


sharing a more recent common ancestor with P. domesticus than 
with Ceratosaurus nasicornis (Maryanska et al. 2002; see also 
Gauthier 1986). This clade can be diagnosed on the basis of the 
following apomorphies: a shallow margin formed by a low ridge 
demarcating the maxillary antorbital fossa (although a sharp 
rim may be present rostral to the promaxillary fenestra); a 
spine table on the axis (absent in spinosaurids); a craniocaudally 
reduced and rodlike axial spinous process; a prominent acro- 
mion on the scapula; the loss of digits of metacarpal IV; meta- 
carpal II greater than 180% of the length of metacarpal I; 
metacarpal III midshaft width less than 50% of that of meta- 
carpal IJ; the base of metacarpal III set on the palmar surface of 
metacarpal IJ; a triangular proximal articulation of metacarpal 
III; a reduced femoral trochanteric shelf; a prominent femoral 
intercondylar groove on the cranial distal femur; the most prox- 
imal point of the cranial trochanter of the femur above the dis- 
tal margin of the femoral head; the fibular condyle on the proxi- 
mal end of the tibia strongly offset from the cnemial crest; 
metatarsal I broadly triangular and attached to the distal part of 
metatarsal II. The distribution of additional synapomorphies 
for the base of Tetanurae is uncertain due to either the lack of 
preservation of the appropriate elements in basalmost tetanu- 
rans or ambiguous distributions in spinosauroid and basal 
carnosaur taxa. 


Anatomy 


Skull and Mandible 


Complete or nearly complete crania are known for Acrocan- 
thosaurus (Currie and Carpenter 2000), Compsognathus (Ostrom 
1978), Giganotosaurus (Coria and Salgado 1995), Monolophosaurus 
(Zhao and Currie 1993), Ornitholestes (Osborn 1917), Sinraptor 
(Currie and Zhao 1993a), Sinosauropteryx (Currie and Chen 2001), 
Scipionyx (Dal Sasso and Signore 1998), Yangchuanosaurus (Dong 
et al. 1978, 1983), and Allosaurus (Gilmore 1920; Madsen 1976a; 
Chure, in press), with numerous specimens known for the latter 
taxon (figs. 4.1-4.5). Good material is also available for “Poekilo- 
pleuron” valesdunensis (Allain 2002), Eustreptospondylus, Piatnitzky- 
saurus (Bonaparte 1986a), Suchomimus (Sereno et al. 1998), Irrita- 
tor (Sues et al. 2002), Baryonyx (Charig and Milner 1997), 
Carcharodontosaurus (Sereno et al. 1996; Larsson 2001), Neovenator 
(Naish et al. 2001), and Proceratosaurus. Several other basal teta- 
nurans are known from less complete but well-preserved skull ele- 
ments (e.g., Afrovenator, “Megalosaurus” hesperis, Piveteausaurus). 
The short premaxilla is triangular (in smaller forms) to rec- 
tangular (in larger taxa) in lateral view but triangular from be- 
low. Its body and dorsal process together form the rostral half of 
the margin of the external naris, and its caudal processes con- 
tact the nasal and maxilla. In the majority of tetanurans there 
are four premaxillary teeth (as in theropods primitively), but 
Torvosaurus has only three teeth (a condition also present in 
Ceratosaurus), while Allosaurus and Neovenator have five. Near 
the tooth row are numerous irregularly arranged labial foramina, 
probably for cutaneous nerves and vessels. In spinosaurids the 
premaxilla is markedly different, being craniocaudally elongate 
and accommodating up to seven teeth. In ventral view the con- 
joined premaxillae are oval, giving a mildly spatulate form to 
the end of the snout. Dorsal and ventral processes of the caudal 
portion form the rostral margin of the elongate external naris, 
but the dorsal process is underlain by a process of the nasal and 
so does not border the naris. In both Baryonyx and Suchomimus 
the rostral region bears a large number of prominent foramina, 


FIGURE 4.1. Skull of Sinraptor dongi in A, dorsal, and B, left lateral 
views. Scale = 10 cm. (After Currie and Zhao 1993a.) 


which are not restricted to the vicinity of the tooth-bearing mar- 
gin but extend to the top of the element. 

A large element with a rostrally directed apex, the maxilla is 
deeply embayed from behind by the internal antorbital fenestra. 
Tetanuran maxillae are distinguished by the presence of the ros- 
tral ramus. The rostral portion of the maxillae of tetanuran out- 
groups (ceratosaurs, herrerasaurids) is a simple, rostrally convex 
curve, while in basal tetanurans there is a concavity in the curve 
between the ascending ramus and the rostral end of the maxilla. 
This morphology is present in nonavetheropodan tetanurans, 
in carnosaurs except for sinraptorids, and in the primitive 
coelurosaurs Ornitholestes and Proceratosaurus; in sinraptorids, 
compsognathids, Scipionyx, and the advanced maniraptori- 
form coelurosaurs the rostral ramus is lost and the primitive 
simple convex curve returns. The dorsal ramus extends above 
the antorbital fenestra to form about half of its dorsal margin. 
The body of the maxilla, deep in larger taxa to accommodate the 
teeth, lies below the fenestra. The promaxillary fenestra is pres- 
ent in tetanurans primitively, although it is lacking in Torvo- 
saurus and spinosaurids (Sues et al. 2002, contra Martill et al. 
1996a). The maxillary fenestra is present in avetheropods and 
some other tetanurans but lacking in Torvosaurus, spinosaurids, 
and apparently the most derived carcharodontosaurids, and it 
is greatly reduced in sinraptorids (Witmer 1997a). Both the pro- 
maxillary and maxillary fenestrae are visible in lateral view in 
Afrovenator, Acrocanthosaurus, and most coelurosaurs. In Allo- 
saurus, Proceratosaurus, and some other tetanurans the pro- 
maxillary fenestra is obscured in lateral view by a shelf of the 
lateral surface on the ascending ramus of the maxilla. The iden- 
tity of the single large fenestra in the rostralmost portion of 
the maxillary antorbital fossa in Monolophosaurus, Carcharo- 
dontosaurus, Giganotosaurus, and an undescribed carcharodonto- 
saurid from the Rio Limay Formation (Cenomanian of Argen- 
tina) is problematic: it might be either an expanded promaxillary 
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FIGURE 4.2. Skull elements of megalosaurids. A, Afrovenator abakensis. B, C, “Poekilopleuron” valesdunen- 
sis: B, left maxilla in lateral (upper) and medial (lower) views; C, skull roof in dorsal view. Scale = 5 cm. 


(After Charig and Milner 1997; and Allain 2002.) 


fenestra or conjoined maxillary and promaxillary fenestrae (as 
suggested by Witmer 1997a, 1997b). The maxilla houses one or 
more internal chambers. The two found in Allosaurus open both 
rostrally and caudally and may have accommodated an olfactory 
epithelium. The bone accommodates 7 teeth in Scipionyx, 10- 
12 in Ornitholestes and compsognathids, 13-15 in most megalo- 
saurids and carnosaurs, 18 in Proceratosaurus, and up to 22 in 
spinosaurids. Numerous foramina bordering the ventral margin 
are sometimes arranged in rows. Caudally the maxilla contacts 
the jugal, and dorsally it is bordered by the nasal and the 
lacrimal. The narrow medial palatal process contacts the pala- 
tine; compared with that of maniraptoriforms such as tyran- 
nosaurids, ornithomimosaurs, and maniraptorans, this process 
is rudimentary, leaving the rostral part of the (hard) palate 
broadly open on either side. 

The dorsal surfaces of the elongate nasals are often rugose 
in larger taxa, especially Yangchuanosaurus, Carcharodontosaurus, 
and Giganotosaurus. The nasals are penetrated by many for- 
amina, probably for branches of the superior nasal artery; these 
(and the rugose texture) suggest the presence of a horny cover. 
The antorbital cavity expands onto the lateral surface of the 
nasals of carnosaurs, producing a nasal antorbital fossa. In carno- 
saurs there is one broad foramen that opens laterally, indicating 
the presence of internal chambers (there are two or more for- 
amina in A. fragilis, sinraptorids, and carcharodontosaurids). 
The dorsal and ventral rostral processes form the caudal perime- 
ter of the external naris. In spinosaurids the nasal is high and 
bears a sagittal crest caudally. The most remarkable nasal form 
can be seen in Monolophosaurus, in which it bears a high, hollow, 
longitudinal crest pierced by large and small apertures. The 
nasals are fused along the midline in some tetanurans, includ- 
ing spinosaurids and Monolophosaurus. 
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The short, wide, platelike frontal roofs the cavity for the fore- 
brain and is firmly sutured medially. It contacts the nasal ros- 
trally and the prefrontal rostrolaterally and forms a short part of 
the orbital margin. Caudal to this, it contacts the postorbital via 
a broad lateral process; caudally it abuts the parietal. The post- 
orbital process is invaded from behind by a shallow extension 
of the supratemporal fenestra. This element is thickened in 
Carcharodontosaurus saharicus and fused with the parietal in 
Acrocanthosaurus atokensis. 

The lacrimal, shaped like an inverted L, carries the naso- 
lacrimal canal near the top of the orbit. This element forms the 
caudodorsal segment of the antorbital fenestra. The dorsal ra- 
mus contains internal chambers. One (Allosaurus fragilis, Sin- 
raptor dongi) or two (Acrocanthosaurus atokensis) prominent apet- 
tures pierce the lacrimal just behind the caudodorsal angle of 
the antorbital fenestra. Rugosities for ornamentation are often 
present in allosaurids, most dramatically in the prominent 
lacrimal crests of A. fragilis. Smaller crests are present in the sin- 
raptorids and carcharodontosaurids. Although in allosauroids 
and primitive coelurosaurs the lacrimal is basically similar to 
those of ceratosaurs, it varies considerably in form among other 
basal tetanurans. The two rami meet at an acute angle in spino- 
saurids, giving the isolated element a V shape (fig. 4.6). In Cryo- 
lophosaurus ellioti it is more pillarlike and expanded ventrally. 
Monolophosaurus jiangi has a triradiate lacrimal with an autapo- 
morphic vertical dorsal process projecting above the level of the 
skull roof to support the midline crest, but C. ellioti shows the 
most divergent form, with the bone supporting a grooved, 
transverse crest. 

The isolated prefrontal has been described only for Allo- 
saurus fragilis (Madsen 1976a), Sinraptor dongi (Currie and Zhao 
1993a), and Baryonyx walkeri (Charig and Milner 1997). It is greatly 


FIGURE 4.3. Skulls of spinosaurids: A, Baryonyx walkeri, premaxillae in 
dorsal (upper), right lateral (middle), and palatal (lower) views; B, Irritator 
challengeri in left lateral view. Scale = 5 cm. (After Charig and Milner 
1997; and Sues et al. 2002.) 


reduced, and in lateral view it is V-shaped and lies medial to the 
apex of the lacrimal. It is sandwiched between that element lat- 
erally and the frontal medially, so its triangular dorsal surface 
lies between those of the frontal, nasal, and lacrimal. It forms part 
of the orbital margin. In spinosaurids, as shown in B. walkeri, it 
is a more prominent element, located behind the lacrimal and 
rostral to the frontal. The upper ramus in this genus has a com- 
pact, almost pillowlike form; the descending ramus is unknown. 

The postorbital, with its shorter frontal process, is triradiate. 
The jugal process bounds the orbit caudally to form a substantial 
portion of the orbital rim. The squamosal process is much re- 
duced in Sinraptor dongi. A rugosity is located on the thickened 
dorsal rim above and behind the orbit in several species, such 
as S. dongi (Currie and Zhao 1993a), Allosaurus fragilis (Madsen 
1976a; Chure, in press), and Acrocanthosaurus atokensis (Stovall 
and Langston 1950). In the largest carcharodontosaurids (Acro- 
canthosaurus, Carcharodontosaurus, Giganotosaurus, and an un- 
described form from the Cenomanian of Argentina) the rugose 
region of the postorbital contacts the prefrontal and the lacrimal; 
the same condition occurs in the largest tyrannosaurid individu- 
als but is absent in smaller tyrannosaurid taxa and ontogeneti- 
cally younger specimens of the largest species (Holtz, this vol.). 

The squamosal is a complex, wedge-shaped element. The ven- 
tral concavity for the quadrate may have permitted motion, and 
the strong prequadratic process reaches the quadratojugal below, 
rostral to the quadrate. The squamosal often bears a smooth scar 
for the external mandibular adductor muscle on its lateral face 
just above the infratemporal fenestra. 

The triradiate jugal bounds the orbit and the infratemporal 
fenestra ventrally and has pneumatopores (large in Sinraptor 
dongi) connecting with internal chambers. The deep suborbital 
process is the most extensive of the three processes. 

The quadratojugal is a thin, L-shaped element whose ascend- 
ing process is closely applied medially to the lateral margin of 
the body of the quadrate. This process reaches the squamosal 
dorsally. The paraquadrate foramen lies at the junction of the 


FIGURE 4.4. Skulls of basal carnosaurs: A, Monolophosaurus jiangi in left lateral (upper), caudal (middle), and dorsal (lower) views; 
B, Allosaurus fragilis in dorsal (upper) and left lateral (lower) views. Scale = 10 cm. (A after Zhao and Currie 1993; B courtesy of 


T. L. Ford.) 
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FIGURE 4.5. Skulls of carcharodontosaurids: A, Neovenator salerii; 

B, Acrocanthosaurus atokensis, dorsal (above) and lateral (below) views; 

C, Giganotosaurus carolinii, the shaded portion of the dentary represent- 
ing an isolated specimen 8% larger than the individual restored here. 
Scale = 10 cm. (After Naish et al. 2001; Currie and Carpenter 2000; and 
Calvo and Coria 2000.) 


quadrate with the quadratojugal. The anastomosing ramus of 
the caudal condylar artery and the mandibular branch of the 
trigeminal nerve probably passed through this foramen. 

The parietal roofs the endocranial cavity caudally and forms 
a prominent dorsal crest. The surface separating the supra- 
temporal recesses is dorsally flat in Allosaurus fragilis and Sin- 
raptor dongi, as the recesses are not confluent. Caudally the parie- 
tals are twisted laterally to form the vertical plates that make up 
the transverse nuchal crest. This crest rises just slightly above the 
supraoccipital bone (in S. dongi) or matches its height (in A. fra- 
gilis) and, often with a dorsal rugosity, forms a rostrally directed 
V in dorsal view. Fossae for the ligamentum nuchae are situated 
dorsally on the caudal face of the transverse nuchal crest. 

The supraoccipital forms a vertical rectangle with a prominent 
vertical median ridge (the sagittal nuchal crest) above the fora- 
men magnum in Allosaurus fragilis and Sinraptor dongi. The 
foramen magnum is bordered by the basioccipital, the exoccip- 
ital, and the supraoccipital in A. fragilis; the supraoccipital is al- 
most excluded from the foramen magnum in S. dongi. The 
opisthotic extends caudolaterally as a vertical plate to join with 
the exoccipital in forming the paroccipital process. This process 
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FIGURE 4.6. Left lacrimal of Baryonyx walkeri in A, lateral, and B, medial 
views. Scale = 5 cm. (After Charig and Milner 1997.) 


is declined in A. fragilis and S. dongi, in which the dorsal and 
ventral margins are parallel. The basioccipital forms the bulk 
of the occipital condyle and much of the occipital plate below 
the condyle. There is some dorsolateral contribution from the 
exoccipitals. 

The quadrate is a robust, vertical column terminating ven- 
trally in two mandibular condyles—the lateral usually larger 
than the medial—separated by a helical groove. Its dorsal artic- 
ular surface is convex. The body of the quadrate is apparently 
solid in basal tetanurans; however, in carcharodontosaurids 
(based on undescribed material from the Rio Limay and Rio 
Colorado formations of Argentina [Alcober et al. 1998]), comp- 
sognathids (Currie and Chen 2001), and many derived coeluro- 
saurs this bone is hollow, pierced by a pneumatopore. A thin, 
vertical, platelike pterygoid process extends forward to the 
basipterygoid process and lies freely on the similarly thin plate- 
like quadrate process of the pterygoid; together they form the 
medial wall of the adductor chamber. 

The lanceolate vomer lies below and against the palatines or 
pterygoids caudally. A recess in the caudal face of the premaxil- 
lae at their symphysis often receives the rostral tip of the head. 
The rostral head is broader than the remainder of the bone but 
slender compared with those of tyrannosaurids: caudolaterally 
it contacts a process of the maxilla. The caudal end is deeply 
forked to receive the pterygoids or palatines. In Sinraptor dongi 


FIGURE 4.7. Dentary of Baryonyx walkeri in A, left lateral, and B, medial views. Scale = 10 cm. (After Charig and Milner 1997.) 


the central part of the bone bears deep longitudinal sulci both 
dorsally and ventrally. 

The flattened palatine extends medially from the palatal 
process of the maxilla to the midline. It forms the base of the 
preorbital septum and the caudal margin of the choana. Rostro- 
medially each palatine (and pterygoid) rises to meet the other 
medially, thus vaulting the palate. The palatine has a transversely 
oriented body from which two processes project rostrally, the 
medial contacting the vomer and pterygoid, and the lateral the 
maxilla. Platelike caudal processes contact the jugal laterally 
and the pterygoid medially. 

The pterygoid is a rostrocaudally long, inclined plate bearing 
caudally a large quadrate process and a smaller ectopterygoid 
process. The pterygoid laterally contacts the palatine and ecto- 
pterygoid, which overlies the pterygoid. Caudomedially, at the 
base of the quadrate process is the pocket for the reception of the 
basipterygoid process on the basisphenoid. In Allosaurus fragilis 
scarf joints form the articulations between the pterygoid and ad- 
jacent elements, but in Sinraptor dongi contact between the 
pterygoid and the epipterygoid is mediated by a butt joint. The 
interpterygoid vacuity separates the two pterygoids on the mid- 
line. 

The ectopterygoid is a basically U-shaped element that opens 
caudally. Its lateral process reaches the jugal, and its deeper me- 
dial portion contacts the pterygoid. This portion is excavated 
ventrally; in S. dongi, at least, the cavity continues onto the 
adjacent pterygoid. The long, flattened epipterygoid links the 
quadrate process of the pterygoid to the laterosphenoid, con- 
tacting it just below the metoptic foramina. It is a thin, trian- 
gular bone in A. fragilis. 

The laterally compressed mandible is robust rostrally in larger 
taxa and more slender in coelurosaurs; the mandible is composed 
of less robust postdentary elements around the adductor fossa. 
The postdentary region is deeper than the dentary, markedly so 
in carnosaurs. An external mandibular fenestra is present, 
bounded by the dentary, the surangular, and the angular. This 
fenestra varies in size, being small in Allosaurus fragilis and Or- 
nitholestes hermanni but large in sinraptorids, for example. 

The dentary of tetanurans is a stout, tooth-bearing, barlike 
element deepening caudally into a thin, vertical plate. It has 
14-18 teeth in carnosaurs and megalosaurids but only 10 in 
compsognathids and up to 32 in the spinosaurids Baryonyx 


walkeri and Suchomimus tenerensis. The dentary alveoli are sepa- 
rated by thin partitions that expand medially into parasagittal 
interdental plates. Each plate is separated from the next by a 
notch or slot adjacent to each tooth. Along the bases of the 
plates is a longitudinal fissure, probably for a branch of the in- 
ferior alveolar artery. The symphyseal contact is usually loose 
and consists of a medially flat facet at the rostral extremity of the 
dentary. In the region of the thirteenth to the sixteenth tooth 
is the entrance to the alveolar canal, through which the man- 
dibular nerve passed. In most forms the dentary is straight in 
dorsal view, but in Allosaurus fragilis it is laterally bowed. In spino- 
saurids the rostral end is expanded both dorsoventrally and 
transversely to accommodate four enlarged teeth (fig. 4.7). The 
ramus of the dentary is flat, and the two dentaries were ap- 
pressed together for much of their length. 

Like nonavian theropods, basal tetanurans exhibit an intra- 
mandibular joint between the dentary and postdentary bones. 
The surangular is a thin, vertical plate forming the lateral wall of 
the adductor fossa. A small foramen in carnosaurs and a larger 
one in some maniraptoriform coelurosaurs pierces that portion 
just beneath the mandibular glenoid. Cutaneous branches of 
the mandibular nerve and artery likely passed through this fora- 
men, as well as through the external mandibular fenestra. A flat 
or slightly convex facet on the dorsal margin of the surangular 
was apparently the site of attachment of the superficial man- 
dibular adductor musculature. Just below and parallel to this 
facet is a bar on the lateral surface of the surangular. The suran- 
gular forms the lateral part of the mandibular glenoid. 

The roughly comma-shaped angular forms the caudoventral 
margin of the jaw and floors the adductor fossa. Its rostral pro- 
cess slides between the splenial and dentary. The craniodorsal 
margin of the adductor fossa is formed by the small, flat, tri- 
angular coronoid. A narrow, bandlike supradentary medially 
overlies the interdental plates along the dorsal margin of the 
dentary. In well-preserved tetanuran skulls, including various 
tyrannosaurid species (Hurum and Currie 2000), allosauroids, 
and dromaeosaurids, the coronoid and supradentary form a 
single continuous bone. It is unknown whether they were formed 
by two centers of ossification or the supradentary represents a 
rostral outgrowth of the coronoid. 

A crescentic prearticular sheathes the articular caudally and 
forms the caudal, ventral, and cranioventral margins of the 
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adductor fossa. Medial to the dentary is the large, flat, triangu- 
lar splenial that bears a small rostral mylohyoid notch in “Poek- 
ilopleuron” valesdunesnsis, Allosaurus fragilis, and Monolophosaurus 
jiangi and a foramen in Sinraptor dongi. The splenial of “P.” vales- 
dunesnsis and avetheropods bears an embayment on the caudal 
surface that is lacking in most spinosauroids and tetanuran 
outgroups. 

The robust, tetrahedral articular bears the mandibular gle- 
noid and supports the short retroarticular process. The dorsally 
directed, transversely wide glenoid fossa is divided by an oblique 
ridge into a concave medial and a flat lateral part. When articu- 
lated with the surangular, the glenoid form matches that of the 
articular condyles of the quadrate. 

The antarticular is a small element first identified in Allo- 
saurus fragilis (Madsen 1976a) and subsequently found in the pos- 
sible basal tyrannosauroid Bagaraatan ostromi (OsmOlska 1996). 
This neomorph is present at the medial end of the articular- 
surangular junction and may have acted as a stop to prevent cau- 
dal disarticulation of the jaw joint. 

As in most carnivorous archosauriforms, the maxillary and 
dentary teeth of tetanurans are ziphodont: the basal cross sec- 
tion is lenticular, the blade is curved, and serrations are present 
along the mesial and distal carinae. The carinae of most taxa are 
symmetrical along the main axis of the tooth, while those of 
Allosaurus and Acrocanthosaurus are slightly offset (as they are, 
independently, in tyrannosaurids). The caudal premaxillary 
teeth resemble the maxillary teeth, but the rostralmost teeth 
often have a more rodlike cross section and asymmetrical cari- 
nae. The dentition of spinosaurids differs markedly from those 
of other tetanurans (see the “Systematics and Evolution” section 
below). 

The hyoid apparatus is rarely found (or recognized), being 
described in situ only for Scipionyx samniticus among the taxa 
summarized in this chapter. A slender, rodlike element tapering 
caudally but rostrally terminating in a small plate interpreted 
as ceratobranchial I is preserved in Sinraptor dongi (Currie and 
Zhao 1993a). 


Postcranial Skeleton 


Complete or nearly complete postcrania are known for the allo- 
saurids Allosaurus (Gilmore 1920; Madsen 1976a; Chure, in press) 
and Acrocanthosaurus (Currie and Carpenter 2000) and the comp- 
sognathids Compsognathus (Ostrom 1978) and Sinosauropteryx 
(Currie and Chen 2001). Skeletons representing a considerable 
part of the postcranium are also known for Afrovenator (Sereno 
et al. 1994), Baryonyx (Charig and Milner 1997), Eustreptospon- 
dylus, Giganotosaurus, Monolophosaurus (Zhao and Currie 1993), 
Neovenator (Naish et al. 2001), Ornitholestes (Osborn 1917), Piat- 
nitzkysaurus (Bonaparte 1986a), Scipionyx (Dal Sasso and Signore 
1998), Sinraptor (Currie and Zhao 1993a), Suchomimus (Sereno et 
al. 1998), and Yangchuanosaurus (fig. 4.8; Dong et al. 1978, 1983). 


AXIAL SKELETON 


In basal tetanurans there are 10 cervicals, 13 dorsals, 5 sacrals, 
and where known, 50 to 60 or more (in compsognathids) cau- 
dals; the latter counts are in contrast to those in derived coeluro- 
saurs such as tyrannosauroids, ornithomimosaurs, and mani- 
raptorans, which have 44 or fewer. Most tetanuran cervicals and 
at least cranial dorsals are pneumatic (fig. 4.9). In many adult 
basal tetanurans only a single pneumatopore is present on each 
side of the centra; however, in juveniles (e.g., the juvenile tyran- 
nosaurid specimen “Shanshanosaurus houyanshanensis” [Currie 
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and Dong 2001b]) and some adult therizinosauroids and ovi- 
raptorosaurs (Makovicky 1995) and Troodon (Varricchio 2001b) 
there are two pneumatopores, as is also the case in coelophy- 
soids, Ceratosaurus, and abelisaurs. Britt (1993) and Rauhut (2003) 
argue that the presence of two pneumatopores is the basal 
condition for the clade comprising coelophysoids, ceratosaurs, 
and tetanurans, contra the polarity supported by Gauthier 
(1986) and Holtz (1994, 1998a). The internal structure of the 
centra is of the complex camellate form (Britt 1993). 

The atlas is reduced to the neurapophysis, the crescentic 
intercentrum, and the odontoid. The latter two elements are 
sometimes fused to the axis (as in Piatnitzkysaurus floresi) and 
sometimes free (as in Allosaurus fragilis). The axis has a robust 
cylindrical intercentrum in A. fragilis but is compressed cranio- 
caudally and has tapering sides in other taxa (e.g., Sinraptor 
dongi). The constricted, cuplike axial pleurocentrum often has 
pleurocoels, but an axial pleurocoel is lacking in the megalo- 
saurids Torvosaurus, Eustreptospondylus, Piatnitzkysaurus, and 
Afrovenator (Rauhut 2003), as well as in coelophysoids. A well- 
developed axial neural arch is present, but the spinous process 
is reduced. Prezygapophyses are present, and postzygapophyses 
are well developed and bear epipophyses in larger taxa (e.g., 
Allosaurus fragilis). 

In nonavetheropod tetanurans and carnosautrs the postaxial 
cervicals are markedly opisthocoelous (fig. 4.10); in contrast, 
those of coelurosaurs are amphiplatyan. The cervical centra 
have pleurocoels. Although parallel, the articular faces are in- 
clined, not perpendicular, to the long axis of the centrum, so 
that in lateral aspect the cranial face is offset well above the cau- 
dal face, a condition only slightly developed in Piatnitzkysaurus 
floresi and absent in the middle of the series in carcharodonto- 
saurids and spinosaurids. The spinous processes, zygapophyses, 
and rib articulations are well developed in larger taxa. Accessory 
laminae are present, linking the pre- and postzygapophyses to 
each other and linking both zygapophyses to the transverse 
process at least in the cranial cervicals of larger forms (e.g., 
P. floresi, Allosaurus fragilis, Acrocanthosaurus atokensis). The 
ptezygapophyses of many coelurosaurs are flexed, and the cer- 
vical centra of these taxa are often broader than deep on the 
cranial surface, with reniform articular surfaces that are taller 
laterally than at the midline. The transverse processes of teta- 
nurans are directed ventrally at about 45° in the cranial part of 
the series but become laterally directed caudally. Cranial cervi- 
cal spinous processes may be caudally inclined or perpendicular 
to the axis of the centrum; in many coelurosaurs the spinous 
processes are low and craniocaudally short. Cervical ribs are well 
developed and have a slightly developed tuberculum. In tetanu- 
rans the axial rib is double-headed. 

Dorsal vertebrae exhibit prominent spinous processes and 
transverse processes (fig. 4.11). The heights of the spinous pro- 
cesses increase throughout the column toward the sacrum. The 
dorsal surfaces of the spinous processes of larger taxa are com- 
monly rugose, indicating prominent ligament attachments. A 
ventral process is variably developed but present in the cranial- 
most dorsals of basal tetanurans. The parapophysis migrates 
onto the neural arch somewhere between the second and sev- 
enth dorsals in tetanurans. Dorsal centra are shorter than cervi- 
cals. They have amphiplatyan articulations (the cranialmost are 
opisthocoelous in Allosaurus). The centra are cylindrical, but 
those of allosaurids often have a prominent constriction at mid- 
section, so that the articular faces have nearly double the cross- 
sectional diameters of the middle of the centrum. The cranial 
dorsals are pleurocoelous in most tetanurans; more caudal dor- 
sal centra are pleurocoelous in some taxa (carcharodontosaurids, 
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FIGURE 4.8. Skeletons: A, Suchomimus tenerensis; B, Allosaurus fragilis; C, Compsognathus longipes. Scale = 1 m (A, B), 10 cm (C). (A after Sereno 1998; 


B, C, courtesy of G. S. Paul.) 


some maniraptoriforms). Dorsal ribs increase in length to rib 5 
or 6, then decrease. A laterally compressed neck is directed per- 
pendicular to the shaft. Caudally the ribs become more strongly 
curved, and the trunk becomes shallower and narrower and is 
nearly triangular just in front of the pelvis. 

The sacrum of basal tetanurans is composed of five vertebrae, 
including one dorsosacral and two caudosacrals. The sacrum 
has pleurocoelous fossae in allosaurids and some coelurosaurs. 
The sacral ribs and transverse processes form robust vertical but- 
tresses between the sacrum and the ilia. 

Complete caudal series are not known for most basal tetanu- 
ran taxa. The caudals are divisible into proximal and distal sec- 
tions, characterized by the presence or absence of transverse 
processes, respectively. In primitive tetanurans this transition 
occurs about midway through the series (e.g., at about caudal 27 


in Allosaurus fragilis), but in most coelurosaurs the transition 
point is located at about caudal 15 or earlier. Some elongation of 
the centra and a sharp decrease in the height of the spinous 
process also mark the transition point. Caudal centra are amphi- 
coelous or amphiplatyan and usually lack offset faces (found in 
the cervical series), although Bahariasaurus ingens and allo- 
saurids show some weak development of this condition. Centra 
bear hemal facets at both proximal and distal edges, save for 
the first caudal. Zygapophyses are well developed throughout the 
proximal and most of the distal series and are moderately (basal 
forms) to very elongate (avetheropods). Transverse processes 
are broad in most forms and usually project perpendicular to the 
direction of the column. Proximal caudals have prominent ver- 
tical or distally inclined spinous processes, with a markedly an- 
gular proximal margin in some forms (e.g., Allosaurus). A small 


BASAL TETANURAE 85 


FIGURE 4.9. Cervical, dorsal, sacral, and proximal caudal vertebrae of Monolophosaurus jiangi in A, left lateral 
view, with caudal views of B, fourth dorsal, C, seventh dorsal, and D, first caudal vertebrae. Scale = 10 cm. 


(After Zhao and Currie 1993.) 


accessory spine proximal to the spinous process is retained in 
the distal region of the proximal series in some carnosaurs, 
including Siamotyrannus (Buffetaut et al. 1996a), Lourinhano- 
saurus (Mateus 1998), and Acrocanthosaurus (Harris 1998a). The 
proximal caudals of carcharodontosaurids exhibit depressions 
along the lateral surfaces of the body. Hemal arches of tetanu- 
rans are well developed. In primitive tetanurans these are often 
elongate and of a simply curved shape throughout the whole of 
the series; this condition is present in the cranialmost hemal 
arches of all avetheropods but advanced in maniraptorans (tro- 
odontids, dromaeosaurids, and avialans). In allosaurids and 
coelurosaurs the hemal arches from the middle region of the 
caudal series have a distinct bend, giving them an L shape. In 
Acrocanthosaurus, Saurophaganax, and coelurosaurs the distal 
hemal arches are boat-shaped, with distal expansions cranially 
and caudally and a vertical height only half or less than half the 
craniocaudal length. 

Tapering, rodlike gastralia have been reported extending trans- 
versely across the belly below the dorsal ribs. These are organ- 
ized with a medial and lateral segment on each side. The medial 
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elements each contact two medial elements from the other side 
of the body, one at the cranial end and the other farther down 
the shaft. Thus, the midline of the gastral basket is arranged ina 
zigzag fashion. Where known, the medial gastral elements of 
most tetanurans are subequal to or longer than the lateral seg- 
ment; however, the condition in compsognathids resembles 
that of dromaeosaurids and troodontids in having the medial 
element considerably shorter than the lateral. 

In some basal tetanurans (e.g., Acrocanthosaurus [Harris 1998a], 
an unnamed Rio Colorado carcharodontosaurid [Alcober et al. 
1998], Poekilopleuron [Allain and Chure 2002]) the medial parts 
of the caudalmost gastralia are fused to form single, boomerang- 
shaped elements. In the case of tyrannosaurids the fusion in- 
cludes the cranialmost two pairs (Brochu 2002), the midline 
portion of this fusion producing a platelike mass previously in- 
terpreted as a sternum (Lambe 1917a). Although this particular 
structure has not been described for the taxa discussed in this 
chapter, this fused midline cranial gastral plate is likely the ele- 
ment identified as the fused sterna of Baryonyx (Charig and Mil- 
ner 1997) and Sinraptor (Currie and Zhao 1993a). 


FIGURE 4.10. Eighth cervical vertebra of Baryonyx walkeri in A, cranial, 
B, left lateral, and C, caudal views. Scale = 10 cm. (After Charig and 
Milner 1997.) 


APPENDICULAR SKELETON 


The scapula consists of a bandlike blade and an acromial expan- 
sion that broadly joins the coracoid, which is sometimes fused 
with the scapula (fig. 4.12). The thin, flattened blade with par- 
allel or dorsally divergent margins is curved to fit the rib cage. 
The cranial expansion comprises the acromial process and a but- 
tress supporting both the glenoid and coracoid articular surfaces. 
The slightly concave glenoid faces caudoventrally and slightly 
laterally. Both the scapula and the coracoid contribute equal 
parts to the glenoid. 

The coracoid is an oval plate (triangular in Baryonyx walkeri) 
one-third to one-quarter the length of the scapula. The coracoid 
foramen is large and usually located near the center of the 
scapulocoracoid contact. In allosaurids there is a tubercle for the 
biceps on the lateral side just caudal to the foramen. The cora- 
coid has a caudally directed angle or tip. 


FIGURE 4.11. Caudal dorsal vertebrae of Neovenator salerii in A, left 
lateral, B, right lateral, and C, caudal views. Scale = 5 cm. (After Naish 
et al. 2001.) 


FIGURE 4.12. Right scapulocoracoid of Acrocanthosaurus atokensis. 
Scale = 10 cm. (After Currie and Carpenter 2000.) 


Furculae have been recovered from carnosaurs (Chure and 
Madsen 1996; Alcober et al. 1998), basal coelurosaurs (Dal Sasso 
and Signore 1998), and various derived coelurosaur clades (Holtz 
1998a). The presence of these elements in nontetanurans (Coelo- 
physis [Downs 2000], Segisaurus [Rauhut 2003], Syntarsus [Tykoski 
et al. 2002]) and the absence of a confirmed unfused clavicle in 
ceratosaurs and any of the taxa discussed here strongly supports 
the hypothesis that furculae were present at least by the time of 
the divergence of coelophysoids and more derived theropods, 
including tetanurans. Thus, furculae are hypothesized to have 
been present in all the taxa discussed in this chapter. 

Ossified sterna are reported for the basal tetanuran Xuanhano- 
saurus (Dong 1984), the spinosaurid Baryonyx (Charig and Milner 
1997), the carnosaur Sinraptor (Currie and Zhao 1993a), and the 
basal coelurosaur Scipionyx (Dal Sasso and Signore 1998). How- 
ever, reexamination of the latter demonstrates that the reported 
element is in fact the deltopectoral crest of the left humerus, and 
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FIGURE 4.13. Humeri, radii, and ulnae: A, Baryonyx walkeri, left humerus in cranial, lateral, proximal, and distal views; B, Torvosaurus tanneri, left 
humerus, ulna, and radius in cranial, lateral, caudal, and medial views and lateral view of ungual phalanx 1; C, Fukuiraptor kitadaniensis, right 
humerus in caudal, lateral, cranial, and medial views; D, Acrocanthosaurus atokensis, right humerus in proximal (upper), medial, cranial, lateral, 
caudal (middle), and distal (lower) views. Scale = 10 cm. (After Charig and Milner 1997; Galton and Jensen 1979a; Azuma and Currie 2000; and Currie 


and Carpenter 2000.) 


Rauhut (2003) reidentified the purported sternum of Xuanhano- 
saurus as the coracoid. The remaining two cases might be fused 
sets of cranial gastralia, as found more completely preserved in 
some tyrannosaurids (Brochu 2002), although more complete 
examination is needed. Thus, at present there are no confirmed 
examples of unquestionable ossified sternal elements within 
Tetanurae outside the coelurosaurian clade Maniraptoriformes. 

The forelimb of most nonmaniraptoriform tetanurans is short 
relative to the hindlimb (figs. 4.13, 4.14). The ratio of femoral to 
humeral length ranges from 1.4 in “Szechuanosaurus” zigongensis 
to 3.5 in Acrocanthosaurus atokensis; even in basal coelurosaurs 
the forelimb remains small, with femoral-humeral ratios of 1.4 
for Scipionyx samniticus, 1.6 for Ornitholestes hermanni and Sino- 
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sauropteryx prima, and 2.5 for Compsognathus longipes. In non- 
coelurosaurs the scapulohumeral ratio ranges from 1.3 in Piat- 
nitzkysaurus floresi and “Szechuanosaurus” zigongensis to 2.6 in 
Allosaurus fragilis; in coelurosaurs the humerus is often as long as 
or longer than the scapula. The antebrachium is shorter than 
the humerus in noncoelurosaurs (with an ulna-humerus ratio 
of 1:1.2 in A. fragilis [Gilmore 1920]) and substantially shorter in 
Torvosaurus tanneri (1:1.9) and spinosaurids (1:2 or greater). 
The humerus has a prominent deltopectoral crest parallel or 
slightly inclined to the medial margin of the humeral shaft. This 
crest rarely reaches the midshaft and never surpasses it by much, 
nor does it extend to the proximal end of the lateral (external) 
tuberosity. Proximally the humerus is much expanded by the 


FIGURE 4.14. Forelimbs: A, Acrocanthosaurus atokensis, right forelimb; 
B, Sinosauropteryx prima, right and left forelimbs. Scale = 10 cm (A), 
1 cm (B). (After Currie and Carpenter 2000; and Currie and Chen 2001.) 


deltopectoral crest and the well-developed medial (internal) 
tuberosity. This tuberosity is placed distally about 10% of the 
way down the length of the shaft from the head in “Szechuano- 
saurus campi,” about 15% in Chilantaisaurus tashuikouensis, and 
intermediate in Allosaurus fragilis. The shaft is slightly sigmoid 
and expanded distally to support the radial and ulnar condyles, 
which face slightly cranially as a result of the distal curvature of 
the humeral shaft and slightly medially. Thus, at rest the elbow 
would have been slightly flexed, and the antebrachium turned 
inward. The distal humerus often bears shallow olecranon and 
cubital fossae. In A. fragilis and Acrocanthosaurus atokensis the 
plane of the distal end of the humerus makes a 50° angle with 
that of the proximal end. The humerus of C. tashuikouensis is 
longer relative to the hindlimb elements than in any other 
carnosaur, with a femoral-humeral ratio of 2.0 (Hu 1964). Its 
morphology strongly resembles that of the humerus of Allo- 
saurus, except that it has a more strongly developed delto- 
pectoral crest, extending forward from the medial margin of the 
shaft. The humerus of Baryonyx walkeri has a straight shaft and 
is strongly expanded both proximally and distally, but more so 
proximally. 

The ulna tapers distally from its proximal expansion, which 
supports both the olecranon and the humeral articular surface. 
The ulna of spinosaurids is proximally and distally expanded, 
with a prominent olecranon. The radius is usually cylindrical 
and only slightly expanded proximally and distally, but in Bary- 
onyx walkeri it has a flattened distal expansion. 

Four small, platelike carpals, interpreted as the proximal ra- 
diale and intermedium and two distal elements (designated 1 
and 2), are present in Allosaurus (Chure, 2001a); only three have 
been recovered or identified in Acrocanthosaurus (Currie and 
Carpenter 2000), Coelurus (Osborn 1917, where the specimen was 
referred to Ornitholestes), and Sinosauropteryx (Currie and Chen 
2001), two in “Szechuanosaurus” (Dong et al. 1983) and Nqweba- 
saurus (de Klerk et al. 2000), and one in Afrovenator (Sereno et al. 
1994) and Xuanhanosaurus (Dong 1984), but these smaller counts 
may be due to incomplete preservation. The single large semi- 
lunate element found in at least some maniraptoran coeluro- 
saurs may likely be the fusion of distal carpals 1 and 2 (Currie 
and Carpenter 2000; Holtz 1998a, 2001a; Rauhut 2003); in 
Nqwebasaurus (de Klerk et al. 2000) the semilunate element 
comprises both distal carpals. A shallower semilunate element is 
found in Acrocanthosaurus (fig. 4.15; Currie and Carpenter 
2000), Afrovenator (Sereno et al. 1994), Coelurus, and Xuan- 
hanosaurus (Dong 1984), which may indicate that the two prim- 
itive distal carpals have fused in these taxa as well. However, the 
distal carpals of Allosaurus (the basal tetanuran for which the 
greatest number of individuals is known) show variation in the 
fusion of these distal elements (Madsen 1976a); indeed, Chure 
(2000) documents specimens of Allosaurus in which a semi- 
lunate element is formed solely of distal carpal 1, as a small sep- 
arate distal carpal 2 is present in the same specimens. 

The tetanuran manus is functionally tridactyl. Metacarpal II 
is usually the longest and most robust; metacarpal lis also robust 
but no more than half as long as metacarpal II. In basal tetanu- 
rans metacarpal III is subequal in length and width to meta- 
carpal IV, as in ceratosaurs, coelophysoids, and herrerasaurids; 
in more derived tetanurans metacarpal III is reduced in length 
and thickness. Metacarpal IV is present in Sinraptor, “Szechuano- 
saurus” zigongensis, and Xuanhuanosaurus and as a vestige in 
Coelurus (a specimen previous considered to be the manus of 
Ornitholestes [Osborn 1917; Ostrom 1969a; Gauthier 1986]); the 
nonginglymoid distal ends in all these forms suggest that no pha- 
langes were present. The distal articular surfaces of metacarpals I 
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FIGURE 4.15. Carpus of Acrocanthosaurus atokensis in palmar view. 
Scale = 2 cm. (After Currie and Carpenter 2000.) 


and III diverge away from the axis of the metacarpus, as do their 
digits. The phalanges are robust and have smooth ginglymoid 
articular surfaces. As in other theropods, the penultimate pha- 
langes are longer than the others, and the basal phalanx of digit 
I is the longest; the phalanges of digit III are the smallest. The 
phalangeal formula is 2-3-4-X-X where the manus is completely 
known. The ungual phalanges are more laterally compressed 
than those of the pes and more curved and bilaterally symmet- 
rical. Prominent sulci are present on each ungual phalanx for 
the claw sheath, and there is a flexor tubercle on the ventral face 
immediately distal to the interphalangeal articulation. This 
tubercle is developed most strongly on digit III and least strongly 
on digit lin Allosaurus fragilis. The first digit of spinosaurids ap- 
parently bore a much-enlarged claw. 

Although some authors (e.g., Thulborn and Hamley 1982) 
have identified the principal digits of tetanurans as IJ, III, and IV, 
the phalangeal formula and comparison to the manus of out- 
groups (ceratosaurs, herrerasaurids, sauropodomorphs, and or- 
nithischians) are wholly consistent with the hypothesis that 
the principal digits are I, Il, and HI. Discrepancy between mor- 
phology (phylogenetic-based) and theoretical (developmental) 
models of digit homology may be the result of a morphogenetic 
frame shift during tetanuran origins (Wagner and Gauthier 
1999); experimental embryonic studies of living tetanurans 
(Dahn and Fallon 2000) are consistent with this model. 

The long, bladelike ilium has a deep preacetabular and a long 
postacetabular process, both laterally compressed (fig. 4.16). The 
preacetabular process closely approaches the sacral spines, while 
the usually narrow postacetabular processes gradually diverge. 
The brevis shelf projects internally from the latter, which is 
deflected medially to form a ventrally open trough behind the 
acetabulum for attachment of M. caudofemoralis brevis. The 
dorsal margins of the ilia of basal tetanurans stand well apart, 
unlike in tyrannosaurids and ornithomimids. The pubic pedun- 
cle is much more massive than the ischial. The dorsal margin of 
the acetabulum is often laterally expanded into a marked rim or 
lip, as in Piatnitzkysaurus floresi and Allosaurus fragilis. The depth 
and hence the overall proportions of the supracetabular blade 
of the ilium varies from taxon to taxon, being deeper (relative to 
the acetabular diameter) in A. fragilis, “Szechuanosaurus” zigon- 
gensis, and Iliosuchus incognitus than in P. floresi. The width of the 
brevis shelf also varies among taxa. In some forms, including 
P. floresi and I. incognitus, the ilium has a central vertical ridge. The 
ilium of P. floresi houses internal chambers (Bonaparte 1986a). 

In tetanurans the rodlike pubis extends ventrally and slightly 
cranially rather than markedly cranially as in ceratosaurs. It 
is expanded distally in allosaurids, carcharodontosaurids, and 
coelurosaurs but is only poorly developed in nonavetheropod 
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tetanurans and basal carnosaurs. This expansion is drawn out 
both caudally and cranially into what is called a foot or boot, 
prominent in Coelurus agilis, Allosaurus fragilis, Giganotosaurus 
carolinii, and Acrocanthosaurus atokensis and convergently in 
tyrannosaurids. The shafts of both pubes fuse medially. Proxi- 
mally the pubis broadens into an acetabular portion that houses 
an obturator foramen in nonavetheropodan tetanurans and basal 
carnosaurs (Lourinhanosaurus, Monolophosaurus, Yangchuano- 
saurus), while in allosaurid and carcharodontosaurid carnosaurs 
and most coelurosaurs there is a ventrally opened obturator 
notch. The notch is probably an incompletely closed obturator 
foramen, although the possession of dual foramina in this por- 
tion of the pubis in coelophysoids suggests caution in this in- 
terpretation. In a possible compsognathid from the Santana 
Formation of Brazil (Martill et al. 2000) the left pubis has an 
obturator notch, while the right demonstrates an enclosed ob- 
turator foramen. In primitive forms the pubes meet along the 
midline, but in later forms this junction persists only distally 
(Hutchinson 2001a). 

The rodlike ischium projects caudoventrally. As in cerato- 
saurs and sauropodomorphs it expands to a distal boot in basal 
tetanurans, but never to the extent of the pubis, and contacts 
the ischium of the other side. Proximally the ventral portion 
of the ischium expands into a laterally concave cranioventral 
keel, the obturator process (Hutchinson 2001a). Basally within 
Tetanurae the obturator process is part of a puboischial plate. 
In Afrovenator, Lourinhanosaurus, allosauroids, carcharodonto- 
saurids, and coelurosaurs the obturator process is separated 
from the pubic process by a notch that may be homologous 
with a foramen that perforates the process in Monolophosaurus 
and some specimens of Torvosaurus. Distally the obturator process 
of most basal tetanurans, including compsognathids (Currie 
and Chen 2001), has a small, V-shaped notch; in carcharodonto- 
saurids and in noncompsognathid coelurosaurs this notch is 
lost (Rauhut 2003). Asa result, the obturator process is arounded 
plate in most spinosauroids, trapezoidal in most carnosaurs, 
Afrovenator, and compsognathids, and more triangular in de- 
rived coelurosaurs. Like the pubes, the ischia in primitive forms 
are fused ventromedially along much of their length, but in more 
derived forms this fusion is absent (Hutchinson 2001a). 

The proportions within the hindlimb change allometrically, 
so that in smaller tetanurans (as in small theropods in general) 
the femur is shorter than the tibia, while in larger individuals 
the reverse is true (Holtz 1995b). The robustness of the shaft of 
the femur increases with the size of the animal. The femur is dis- 
tally curved so as to be concave caudally (fig. 4.17) even in large 
basal carnosaurs such as Saurophaganax maximus (although 
the curvature in carnosaurs is not as extreme as in tyranno- 
saurids or ornithomimosauts); in spinosaurids and Torvosaurus 
the femur is straighter. In cranial view the shaft is straight. The 
well-developed head projects craniomedially (the primitive con- 
dition for Dinosauria) in spinosauroids but is oriented medially 
in avetheropods (Carrano 2000; Hutchinson 2001b). The head 
is oval or hemispherical; it is apparently compressed in Baryonyx 
walkeri. The greater trochanter is lower than the femoral head 
and extends dorsally from the shaft lateral to the head. Between 
the greater trochanter and the head the proximal surface of 
the femur is cylindrical. The cranial trochanter projects dorsally 
from the craniolateral margin of the shaft. This trochanter is 
lower than the greater trochanter in basal tetanurans; among 
some maniraptoriform groups it extends farther proximally 
(Holtz 1998a; Hutchinson 2001b). The often prominent fourth 
trochanter is just proximal to midshaft. Well-developed distal 
condyles are present, with the lateral condyle inset from the 
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FIGURE 4.16. A, Torvosaurus tanneri, pelvis in cranial, right lateral, and ventral views; B, Afrovenator abakensis, pelvis in left lateral view; C, Monolo- 
phosaurus jiangi, pelvis with dorsal and sacral vertebrae in ventral and left lateral views; D, Allosaurus fragilis, pelvis and sacrum in cranial and left 
lateral views, left ilium in ventral view. Scale = 10 cm. (After Galton and Jensen 1979a; Sereno et al. 1994; Zhao and Currie 1993; and Madsen 1976a.) 


lateral edge of the shaft. The tibial condyle is confluent with the 
medial edge of the shaft or projects slightly from it; it is only 
rarely slightly inset (viz. in specimens referred to Bahariasaurus 
ingens [Stromer 1934b]). The medial condyle is larger than the 
lateral. Both condyles project caudally. The flexor sulcus is always 
well marked, although the extensor groove is deep and promi- 
nent. A prominent muscle scar on the cranial face of the shaft 


just above the medial condyle ranges in development from ob- 
scute (Piatnitzkysaurus floresi) to well defined (Allosaurus fragilis). 

The tibia becomes more robust with size and has a distinct 
cnemial crest (fig. 4.18A, B). This process is large and curves lat- 
erally toward the fibula. In proximal view a blunt but distinct 
process projects cranially from the lateral face of the tibia in the 
plane of the fibula in Allosaurus fragilis. The tibial head is slightly 
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FIGURE 4.17. Femora: A, Fukuiraptor kiadaniensis, right femur in medial, cranial, proximal, distal, caudal, and lateral views; B, Allosaurus fragilis, 
left femur in cranial, lateral, caudal, and lateral views; C, Neovenator salerii, right femur in cranial, proximal, and medial views. Scale = 10 cm. 


(After Azuma and Currie 2000; Madsen 1976a; and Naish et al. 2001.) 
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FIGURE 4.18. A, Neovenator salerii, left tibia in caudal, proximal, and medial views. B, C, Allosaurus frag- 
ilis: B, left tibia (articulated with fibula) in proximal, cranial, lateral, medial, and distal views; C, left 
fibula in lateral and medial views. Scale = 10 cm. (After Naish et al. 2001; and Madsen 1976a.) 


offset medially from the shaft. A prominent lateral (or fibular) 
crest occurs proximally on the tibia. The tibial shaft is usually 
straight in lateral view (slightly curved in Chilantaisaurus 
tashuikouensis) and often broader mediolaterally than cranio- 
caudally. It is markedly widened distally to form the malleoli. 
Distally the tibia is craniocaudally compressed. 

The fibula is slender, expanded proximally into a medially 
concave, triangular plate and often slightly expanded distally 
(fig. 4.18C). The proximal expansion is usually restricted to the 
dorsal fifth of the shaft. The proximal region of the fibular me- 
dial face is slightly concave in basal forms (e.g., Eustreptospondylus 
and Piatnitzkysaurus) but well excavated in most avetheropods. 
The fibular shaft is straight except in Acrocanthosaurus atokensis. 
There is a distinct cranial tubercle like that of tyrannosaurids 
in A. atokensis, Carcharodontosaurus saharicus, and material re- 


92 DINOSAUR SYSTEMATICS 


ferred to Bahariasaurus ingens. The distal end of the fibula is re- 
duced in tetanurans relative to other theropods, most markedly 
so in coelurosaurs. The distal articular face, for the calcaneum, 
is round. 

Tetanurans have two rows of tarsals—the astragalus and 
calcaneum proximally and two or three distal tarsals. The astra- 
galus is hemicylindrical with a flat ascending process (Welles 
and Long 1974). This process is 20% as long as the tibia in non- 
coelurosaurians and longer in coelurosaurs. In the sinraptorids 
there is a well-developed caudal dorsal process as well. The cal- 
caneum is a small, disklike element. In at least Allosaurus fragilis, 
Acrocanthosaurus atokensis, Sinraptor dongi, and “Szechuanosaurus” 
zigongensis it bears a medial process that occupies a correspon- 
ding recess in the lateral face of the astragalus (Welles and Long 
1974), making this joint immobile. Two subrhomboid, platelike 


FIGURE 4.19. Pedes: A, Acrocanthosaurus atokensis, right pes; B, Neovena- 
tor salerii, left pes. Scale = 5 cm. (After Currie and Carpenter 2000; and 
Naish et al. 2001.) 


distal tarsals (3 and 4) have been described for Allosaurus fragilis 
(Madsen 1976a) and Sinraptor dongi (Currie and Zhao 1993a). 

The foot is functionally tridactyl (fig. 4.19), as in birds. The 
metatarsus is robust, with a short digit I. Metatarsals Iland IV are 
often subequal in length, but metatarsal II is slightly longer. 
Metatarsals I and V are shorter. Metatarsal I is reduced proxi- 
mally but possesses a well-developed distal articular surface. It 
contacts metatarsal II caudomedially at midshaft. Metatarsal V 
is a small, distally flat bone that is closely appressed caudolater- 
ally to the proximal end of metatarsal IV. In coelurosaurs and 
Chilantaisaurus tashuikouensis metatarsal III is greatly compressed 
caudally at its proximal end. The shaft of metatarsal III in Allo- 
saurus fragilis shows a distinct medial shoulder distally; the cross 
section of metatarsal III in avetheropods is triangular, with the 
apex on the plantar surface. Metatarsals II and IV have distal ar- 
ticular surfaces that are usually elongate and condylar, and 
metatarsal III has a nearly rectangular ginglymoid distal articu- 
lar surface. Metatarsal II can be distinguished from metatarsal IV 
in that the distal articular surface of metatarsal II is nearly square 
in outline, while that of metatarsal IV is narrower and some- 
times triangular. 

The phalanges are robust, and all four functional digits bear 
claws. The phalangeal formula is 2-3-4-5-0. Digit Ill is the longest. 
Digit I is reduced, not long enough to touch the ground, and is 
directed slightly caudally (in view of the results of Gatesy et al. 
[1999] that this appearance in footprints does not necessarily 
reflect the anatomy, the anatomical evidence may require re- 
assessment). The phalanges are wider and shorter than those of 
the manus. The unguals are usually stout, less symmetrical, less 
curved, and less laterally compressed than those of the manus. 


Each bears well-defined sulci for the claw sheaths. The promi- 
nence of the proximal flexor tubercles varies from taxon to taxon. 


Skeletal Pneumaticity 


Both the skull (Witmer 1997a, 1997b) and the axial skeleton (Britt 
1993, 1997) of basal tetanurans were pneumatized to varying 
degrees based on taxon and ontogenetic stage. There are several 
pneumatic systems involved in the crania of basal tetanurans, as 
indicated by their phylogenetic position between living croco- 
dilians and living birds (for whom these systems can be directly 
studied) and by pneumatic structures in the bones of the skull 
(Witmer 1997a). The paranasal system is recorded as the ant- 
orbital cavity and its numerous recesses and accessory fenestrae. 
These include promaxillary, maxillary, lacrimal, and palatine 
recesses among most tetanurans; nasal recesses and accessory 
pneumatic recesses in carnosaurs (and the latter in tyranno- 
saurids); maxillary antra and the associated maxillary fenestrae 
in avetheropods and some megalosaurids; jugal recesses in some 
carnosaurs and coelurosaurs; and various accessory pneumatic 
excavations of the antorbital fossa. The paratympanic air sinuses 
of tetanurans invade the prootic, opisthotic, basisphenoid, and 
basioccipital. Quadrate pneumaticity, present in carcharodonto- 
saurids, compsognathids, and some derived coelurosaur clades, 
is an outgrowth of the paratympanic system. An additional cra- 
nial pneumatic system is the median pharyngeal system, which 
occurs as a small pit or foramen in primitive archosaurs but is 
expanded in theropods to form the complex basisphenoid sinus 
(Bakker et al. 1988; Witmer 1997a, 1997b); in tetanurans it is fur- 
ther expanded to invade the basioccipital and occasionally the 
occipital condyle. The ectopterygoid of theropods has a ventro- 
medial pocket that is more greatly expanded in tetanurans than 
in basal theropods and reaches its most complex form in tyran- 
nosaurids. It is uncertain which pneumatic system is the likely 
source of this diverticulum. The function of the cranial pneu- 
matic systems remains uncertain even in living tetanurans (Wit- 
mer 1997a, 1997b). 

Postcranially the cervicals and occasionally the dorsal and 
sacral centra of tetanurans show pneumatic structures. Internally 
these bones show the complex camellate rather than the simpler 
camerate pattern of excavation (Britt 1993, 1997). While most 
nontetanuran theropods have robust, apneumatic spinous pro- 
cesses, those of the cervical and dorsal vertebrae of tetanurans 
are pneumatic, as are the postatlantal cervical and cranial dorsal 
ribs. In living tetanurans these chambers and pockets are asso- 
ciated with the cervical air sacs, and it is inferred that the same 
were present in and invaded the axial skeleton of more primitive 
tetanurans. In living birds the cervical air sac system is involved 
ina derived flow-through lung respiratory system; it may be that 
a precursor to this system already employing cervical air sacs but 
without development of the abdominal air sacs or pelvic aspira- 
tion (Britt et al. 1998; Carrier and Farmer 2000) was present in 
the ancestral tetanurans. 


Integument, Other Soft Tissues, and Gastroliths 


The integument of most of the taxa discussed in this chapter 
is unknown; at present no skin impressions are confirmed for 
spinosauroids or carnosaurs, for instance (Holtz 2001a). How- 
ever, specimens of the compsognathid Sinosauropteryx reveal the 
presence of a body covering of simple filamentous and branch- 
ing structures (Ji and Ji 1996; Chen et al. 1998; Currie and Chen 
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2001). Given the presence of more complex feathers in avialans 
and other maniraptorans and the phylogenetic position of 
compsognathids, these structures are interpreted as the mor- 
phological precursors of feathers (Ji and Ji 1996; Chen et al. 
1998; Sereno 1999a; Holtz 2001a; Padian et al. 2001a). Specifi- 
cally, Currie and Chen (2001) recognized the presence of quills 
and barbs, but no barbules or hooklets, in the feather homo- 
logues of Sinosauropteryx. 

Ruben et al. (1997a, 1997b) interpreted dark carbonaceous 
stains in Sinosauropteryx as the fossil remnant of the liver of this 
dinosaur; however, direct examination of the specimen reveals 
that this material is amorphous and lacking distinct edges, 
making any inference on the original shape of the internal or- 
gans based on this stain problematic (Currie and Chen 2001). 
Thus, hypotheses of a hepatic piston-driven form of respiration 
in theropods cannot be supported by this carbonaceous film. 

Internal soft tissues have been recovered in two other small 
basal coelurosaurs, both preserved in lithographic limestones. 
The probable hatchling theropod Scipionyx samniticus appears to 
contain mineralized hindlimb muscles and intestines, tracheal 
rings, and a stain representing the liver. However, it has not yet 
been demonstrated that the intestinal traces represent mineral- 
ized soft tissue rather than a cololite (lithified internal mold). 
Martill et al. (2000) found an unnamed possible compsognathid 
from the Santana Formation to preserve a section of the intes- 
tinal tract, as well as a large vacuity caudal to the pubic apron 
interpreted by those authors as a possible postpubic air sac. 

Gastroliths have been recovered in the body cavities of the 
spinosaurid Baryonyx (Charig and Milner 1986, 1997) and the 
carnosaur Lourinhanosaurus (Mateus 1998). 


Systematics and Evolution 


Tetanurae was originally established (Gauthier 1986) in terms of 
the phylogenetic position of birds within the larger clade Dino- 
sauria. In that analysis the interrelationships of taxa within the 
branches of outgroups to Aves (e.g., within Carnosauria) were 
not examined. However, many of the synapomorphies still sup- 
porting Tetanurae and some of the component taxa were first ex- 
amined in a phylogenetic context in that study. Gauthier (1986) 
noted that relationships among taxa such as Eustreptospondylus, 
Megalosaurus, and Torvosaurus were problematic, in part because 
of the fragmentary or poorly documented nature of the fossil 
material but also because of the plesiomorphic anatomy of some 
of the taxa in question (see also Sereno 1997; Holtz 1998a). These 
taxa clearly are phylogenetically closer to Allosaurus and mod- 
ern birds than they are to Ceratosaurus or Coelophysis, but the 
interrelationships of the “megalosaurs” to carnosaurs and 
coelurosaurs remained a problem. 

Subsequent analyses by Novas (1992b), Pérez-Moreno et al. 
(1993), Russell and Dong (1993a), Holtz (1994, 1998a, 2001a), 
Sereno et al. (1994, 1996, 1998), Sereno (1997, 1999a), Forster et 
al. (1998), Makovicky and Sues (1998), Carrano and Sampson 
(1999), and Rauhut (2003) have addressed the relationships 
among nonavian tetanurans. These analyses have largely con- 
verged on the same general relationships: the existence of two 
main lineages of tetanurans comprising those closer to Allo- 
saurus than to birds (Carnosauria) and those closer to birds than 
to Allosaurus (Coelurosauria); the phylogenetic position of basal 
forms such as Piatnitzkysaurus, Torvosaurus, and Spinosauridae 
outside of the carnosaur-coelurosaur clade; and agreement on 
the membership, if not the interrelationships, of Carnosauria 
and Coelurosauria. The most comprehensive of these analyses 
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thus far, by Rauhut (2003), differs in the latter two points by the 
inclusion of Torvosaurus and spinosaurids within Carnosauria. 

A new analysis of tetanuran theropods was conducted for 
this chapter. Nearly all the primary operational taxonomic units 
represent single species or genera. Several nontetanuran thero- 
pods were included to provided multiple outgroups for more 
complete resolution of character-state resolution. In a few cases 
multiple genera were combined to form single clades where the 
different genera did not demonstrate variation in the charac- 
ters used; these multigeneric clades are Herrerasauridae (Herrera- 
saurus, Staurikosaurus, and Chindesaurus), Coelophysidae (Coelo- 
physis and Syntarsus), Baryonychinae (Baryonyx and Suchomimus), 
Sinraptoridae (Yangchuanosaurus and Sinraptor), Ornithomimi- 
nae (Ornithomimus, Gallimimus, Struthiomimus, Anserimimus, and 
Archaeornithomimus), Mononykinae (Mononykus, Shuvuuia, and 
Parvicursor), and a taxon composed of the derived troodontids 
Troodon and Saurornithoides. Additionally, modern birds and 
taxa more closely related to these than to Confuciusornis are 
coded as the single taxon Ornithothoraces. Herrerasauridae was 
fixed as the outgroup, and all remaining taxa were allowed to 
sort based on parsimony. 

Seventy-five terminal taxa were used as the ingroup, with 
638 characters drawn in part from previous studies, including 
Gauthier (1986); Russell and Dong (1993a); Holtz (1994, 1998a, 
2001a); Sereno et al. (1994, 1996, 1998); Harris (1998a); 
Makovicky and Sues (1998); Forster (1999); Sereno (1999a); Cur- 
rie and Carpenter (2000); Norell et al. (2000); Hutchinson 
(2001a, 2001b); Carr et al. (2002); and Rauhut (2003). The analy- 
sis was conducted on PAUP* 4.0b10 (Swofford 1999), and the re- 
sults were studied using MacClade 3.07 (Maddison and Maddi- 
son 1997). DELTRAN optimization is assumed for purposes of 
discussing the distribution of derived character states. Analysis 
of this data matrix was conducted using the heuristic search op- 
tion, with 1,000 random stepwise additions, each replicate start- 
ing from arandom tree. This search produced 2,544 equally most 
parsimonious trees, whose strict consensus is shown as figure 
4.20. These trees have a tree length of 2,444, CI = 0.354, RI = 
0.715, RCI= 0.253, HI = 0.662. 

In figure 4.20 taxa outside the scope of this chapter are col- 
lapsed down to single branches. The analysis conducted here 
was also used in chapter 5 (Tyrannosauroidea), and that section 
of the tree is illustrated and discussed in greater detail therein. 

As in previous studies, several theropod genera were found to 
lie within Tetanurae but outside Avetheropoda. Most of these 
were found to fall within the clade Spinosauroidea, but two 
tetanuran taxa—the Middle Jurassic Chinese genera “Szechuano- 
saurus” and Xuanhanosaurus—were found to have diverged prior 
to a spinosauroid-avetheropod split. 

“Szechuanosaurus” zigongensis is based on a skeleton from 
the Lower Shaximiao Formation (Middle Jurassic) of Dashanpu 
Quarry at Zigong, China (fig. 4.21; Gao 1993). Originally called 
Szechuanosaurus zigongensis by Gao (1993), this referral has not 
stood up to scrutiny because Szechuanosaurus, as S. campi, was 
originally based on nondiagnostic, broken theropod teeth from 
the Upper Shaximiao Formation of northern Sichuan, People’s 
Republic of China (Young 1942b). Forty years later Dong et al. 
(1983) briefly described a medium-sized theropod skeleton 
missing the skull, which they referred to S. campi. Subsequently 
Chure (in press) observed that the two skeletons cannot be re- 
ferred with any confidence to Young’s (1942a) tooth-based 
taxon. It clearly demonstrates the presence in the manus of 
metacarpal IV, comparable in form to the element suggested to 
be metacarpal IV in Sinraptor dongi (Currie and Zhao 1993a). In 
this analysis “Szechuanosaurus” is the basalmost tetanuran, 
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FIGURE 4.20. Results of a phylogenetic analysis of basal tetanurans and related taxa, shown as a strict consensus of 
2,544 most parsimonious trees using 75 ingroup taxa and 638 characters. Taxa outside the scope of this chapter are 
collapsed down to single branches. Tree length = 2,444, CI = 0.354, RI=0.715, RC]=0.253, HI=0.662. 


FIGURE 4.21. “Szechuanosaurus” zigongensis: A, left humerus in cranial 
and medial views; B, left pelvis in left lateral view; C, left metacarpus 
and phalanges in dorsal and proximal views. Scale = 5 cm (A, C), 

10 cm (B). (After Gao 1993.) 


diagnosed based on having only cervicals 2-6 opisthocoelous 
(other cervicals and all dorsals amphiplatyan) and the ischium 
with a cranially directed boot lacking caudal expansion. 
Xuanhanosaurus qilixiaensis is represented by two cervicals, 
four dorsals, and a forelimb (including the shoulder girdle) 
recovered from the Lower Shaximiao Formation of Sichuan, 
People’s Republic of China (Dong 1984). The forelimb is robust, 
and the hand retains four metacarpals, while the scapula has a 
prominent acromial projection. The supposed sternum reported 
by Dong (1984) has been reidentified by Rauhut (2003) as a large 
coracoid. The cervical vertebrae are opisthocoelous. Although 
Dong (1984b) proposed a quadrupedal habit for this taxon, other 


basal tetanurans (e.g., Torvosaurus, Poekilopleuron, and spino- 
saurids) also have massive forelimbs but are clearly bipedal. Like 
Rauhut (2003), the present analysis finds Xuanhanosaurus to be 
a basal tetanuran not included among the spinosauroids, carno- 
saurs, or coelurosaurs. 

Xuanhanosaurus, spinosauroids, carnosaurs, and coelurosaurs 
are united on the presence of an enlarged distal carpal 1 (perhaps 
produced by fusion with distal carpal 2, but see Chure [2000] for 
caveats) that is trochlear and rectangular (rather than semi- 
lunate) in palmar view and overlaps the articular surface of 
metacarpal II ventrally (although not dorsally); metacarpal I 
only one-half to one-third the length of metacarpal II, with the 
articular surface between these bones extending well into the 
diaphysis of metacarpal I; and phalanx 1 of manual digit I more 
than one and a half times the length of metacarpal I. 

Spinosauroidea and Avetheropoda are united to the exclusion 
of other theropods on the following derived character states: a 
scapulocoracoid dorsal margin with a pronounced notch be- 
tween the acromial process and the coracoid; a well-developed 
ventral coracoid process; medial ridges on the pubes and ischia 
for attachment of a puboischial membrane (Hutchinson 2001a); 
the tibial distal end expanded to contact the calcaneum; and the 
fibula closely appressed to the tibia throughout the main shaft. 

Spinosauroidea (a taxon erected by Stromer, 1915) is a stem- 
based taxon composed of Spinosaurus aegyptiacus and all taxa 
sharing a more recent common ancestor with it than with Passer 
domesticus. In their description of the new theropod Afrovenator 
Sereno et al. (1994) proposed a taxon comprising this form, Torvo- 
saurus, Eustreptospondylus, and Spinosauridae. They initially used 
the name Torvosauroidea for this clade but subsequently (1996; 
Sereno 1997) emended this to Spinosauroidea. Although Holtz 
(1994, 1998a) failed to recover this clade, a monophyletic group 
composed of these taxa was found in the present analysis and 
those of Carrano and Sampson (1999), Allain (2002), and Rauhut 
(2003). In the latter analysis the clade of spinosaurids and its 
allies were more closely related to Allosaurus than the latter was to 
modern birds; in all the other studies, however, the spinosauroids 
lie outside a clade containing Allosaurus and modern birds. 

In this study monophyly of Spinosauroidea is supported by 
the premaxillary body rostral to the external nares longer than 
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the portion of the body ventral to the nares and the angle be- 
tween the rostral margin and the alveolar margin less than 70°; 
the maxilla rostral ramus present and rostrocaudally as long as 
or longer than dorsoventrally; the lacrimal rostral ramus dorso- 
ventrally pinched and narrow; the deltopectoral crest greater 
than 45% of the humerus length and well developed; and a well- 
developed olecranon fossa on the caudal face of the distal end 
of the humerus. Spinosauroidea is composed of two subclades: 
Megalosauridae and Spinosauridae. The latter taxon is com- 
posed primarily of Jurassic forms and the latter of Cretaceous 
taxa; future studies may demonstrate that some of the “mega- 
losaurids” here are more closely related to Spinosauridae than 
to other megalosaurids. 

Megalosauridae, erected by Huxley (1869), is a stem-based 
taxon composed of Megalosaurus bucklandi and all taxa sharing 
amore recent common ancestor with it than with Passer domes- 
ticus, Spinosaurus aegyptiacus, or Allosaurus fragilis. Previously 
this taxon name has been used as a “wastebasket” for theropods 
of many different clades, as has Megalosaurus. The present analy- 
sis supports a clade composed of Megalosaurus bucklandi and 
several other spinosauroids, to which the name Megalosauridae 
might be given. However, given the problematic nature of Mega- 
losaurus, in the future this name may be replaced by Torvosauri- 
dae Jensen, 1985. 

At present the various megalosaurid species are only repre- 
sented by partial skeletons, and thus future discoveries may re- 
quire a rearrangement of the relationships and membership of 
this group. Monophyly of Megalosauridae was supported by a 
jugal process of the postorbital that is broader transversely than 
rostrocaudally and has a U-shaped cross section and by an axial 
vertebral centrum lacking pleurocoel. Megalosaurids range from 
the Middle Jurassic (Megalosaurus, Poekilopleuron, Piatnitzkysaurus, 
Eustreptospondylus, “Poekilopleuron” valesdunensis) through the 
Late Jurassic (Torvosaurus) and the early part of the Early Creta- 
ceous (Afrovenator). 

Megalosaurinae, also named by Huxley (1869), is a stem-based 
taxon comprising Megalosaurus bucklandi and all taxa sharing 
a more recent common ancestor with it than with Eustrepto- 
spondylus oxoniensis. This clade is provisionally recognized on a 
pair of reversals (the scapulocoracoid dorsal margin lacking a 
notch between the acromial process and the coracoid; the cora- 
coid lacking a ventral process). The megalosaurines Megalo- 
saurus, Poekilopleuron, Torvosaurus are more robust animals than 
the eustreptospondylines, but this is at least in part due to the 
larger size of these dinosaurs and/or the ontogenetic age of the 
individuals studied. 

Torvosaurus tanneri comes from the Morrison Formation of 
Colorado, Wyoming, and Utah (Galton et Jensen 1979a); Ma- 
teus (in Weishampel et al., this vol.) reports the presence of 
Torvosaurus or a similar large tetanuran from the Late Jurassic of 
Portugal. Torvosaurus is known from a humerus, a radius, and 
an ulna, as well as additional cranial, axial, and appendicular 
material of substantial portions of the skeleton from several 
individuals Jensen 1985a; Britt 1991). Additional material from 
other Morrison localities (including that referred to Edmarka rex 
Bakker, Kralis, Siegwarth, et Filla, 1992) adds to our knowledge 
of this taxon. Torvosaurus is a specialized basal tetanuran with 
a shortened antebrachium (also found in spinosaurids) and 
broad pubes and ischia, but the promaxillary fenestra (a struc- 
ture found in other tetanurans and ceratosaurs) has been lost. 
In previous studies Torvosaurus has been found to lie outside 
Avetheropoda: in Sereno et al. (1994, 1998) it and Eustrepto- 
spondylus formed the sister taxon to Spinosauridae, while in 
Holtz (1994) and Charig and Milner (1997) it was the basalmost 
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tetanuran. It is the largest and most robust of the megalosaurids 
presently recognized. 

The two Middle Jurassic European megalosaurines Megalo- 
saurus and Poekilopleuron are united on the shared presence of 
cranial prominence on the midshaft of the ulna. 

Megalosaurus bucklandi has the distinction of being the old- 
est named nonavian dinosaurian taxon; the original material is 
a partial right dentary from the Bathonian Stonesfield Slate 
of Stonesfield, England (Buckland 1824; Ritgen 1826). Other 
specimens from the same quarry described by Buckland (1824) 
may represent a single distinct taxon of basal tetanuran. How- 
ever, Rauhut (2003) and Allain and Chure (2002) indicate varia- 
tion among the Stonesfield Slate fossils possibly indicating that 
at least two large-bodied theropod morphologies were present; 
whether these represent taxonomic, ontogenetic, sexual, or in- 
dividual variation awaits a more complete revision of these 
bones. Paul (1988a) considered this species to be the sister taxon 
to Torvosaurus tanneri (his Megalosaurus tanneri); similarly, he 
considered the Normandy form Poekilopleuron bucklandii to be 
a possible synonym of M. bucklandi. 

Several other species previously referred to Megalosaurus have 
been reassigned to new genera: 

Poekilopleuron bucklandii is based on one of the first nonavian 
theropod skeletons found, but unfortunately much of the skele- 
ton was destroyed prior to collection (Eudes-Deslongchamps 
1838), and what was collected was destroyed in World War II. 
However, recently Allain and Chure (2002) have redescribed 
the bones from casts of the original fossils. P. bucklandii was 
found in the Middle Bathonian Calcaire de Caen Formation, 
near Caen, France. The species is characterized by short, massive 
antebrachial elements and a large manus (Huene 1923). The ra- 
dius has a prominent medial process at midlength (as in Megalo- 
saurus); if the Stonesfield Slate radius belongs to a different 
taxon than the Megalosaurus bucklandi dentary, it may be that 
Poekilopleuron is present in Britain. Although both pes and 
manus have been reported to be pentadactyl (Huene 1923), 
reexamination of the original figures indicates no evidence for 
this. As in Acrocanthosaurus, the caudal gastralia are fused along 
the midline. 

The name Megalosaurus poikilopleuron was proposed for P. buck- 
landii by Huene (1926b), who believed it referable to that genus. 
This assignment was followed by Paul (1988a). Other material 
referred to P. bucklandii from Boulonnais, France (Sauvage 1880), 
and Tilgate, England (Owen 1884), is incorrectly or at least in- 
adequately referred. 

Eustreptospondylinae, a taxon first recognized by Paul (1988), 
is a stem-based clade consisting of Eustreptospondylus oxoniensis 
and all taxa sharing a more recent common ancestor with it 
than with Megalosaurus bucklandi. These more gracile megalo- 
saurids, presently including Piatnitzkysaurus, Eustreptosondylus, 
“Poekilopleuron” valesdunensis, and Afrovenator, are united on the 
shared presence of a maxillary fenestra (not otherwise known 
in spinosauroids or in nontetanuran theropods, although pres- 
ent in avetheropods) and of a distal ischial tubercle (Hutchinson 
2001a; also in allosauroid carnosaurs), as well as a reversion to 
the lack of a deep groove on the medial side of the proximal end 
of the fibula. 

Piatnitzkysaurus floresi, from the Callovian Cahiodon Asfalto 
Formation of Patagonia, is known from one of the most com- 
plete skeletons of a Middle Jurassic theropod outside of China 
(Bonaparte 1979a). The material contains a braincase, a frontal, 
a maxilla, a partial dentary, portions of the vertebral column, a 
scapula, a coracoid, a humerus, an ulna, a nearly complete pelvis, 
a femur, a tibia, and metatarsals II-IV. Previous phylogenetic 


analyses have found this taxon to be either a basal carnosaur 
(Currie and Carpenter 2000) or a nonavetheropod tetanuran 
(Novas 1992b; Pérez-Moreno et al. 1993; Holtz 1998a; Rauhut 
2003). 

Eustreptospondylus oxoniensis is known from a single well- 
preserved skeleton from the Middle Oxford Clay (Callovian), of 
Summertown, England (Walker 1964). Prior to Walker 1964, the 
specimen was referred to Streptospondylus cuvieri, so this is the 
name used in the older literature (save for Owen 1842b). It is 
one of the most completely known Middle Jurassic theropods 
outside of China; unfortunately, as of this writing a detailed 
osteology of this taxon is still wanting. Previous phylogenetic 
studies (Novas 1992b; Pérez-Moreno et al. 1993; Holtz 1998a) 
found it to be a tetanuran outside of Avetheropoda; Sereno et al. 
(1994, 1998) more specifically found evidence uniting Eustrep- 
tospondylus and Torvosaurus in a monophyletic Torvosauridae. 
Rauhut (2003) considered the slightly older Magnosaurus nethero- 
combensis (Huene 1926a) to be congeneric with this species on 
the basis of a similar dorsoventral and transverse expansion of 
the rostral part of the dentary and the shared presence of an 
enlarged third dentary tooth; consequently, he refers to this 
dinosaur as Magnosaurus oxoniensis. 

“Poekilopleuron” valesdunensis is a newly described megalo- 
saurid based on one of the most complete Middle Jurassic thero- 
pod fossils ever discovered; at present, however, only the skull 
has been adequately described (Allain 2002). Like Poekilopleuron, 
this taxon was recovered from the Calcaire de Caen Formation 
of France; it also was originally provisionally referred to Poekilo- 
pleuron, but the analysis here suggests that it does not share a 
closer phylogenetic affinity with P. bucklandii than with other 
megalosaurids. Allain (pers. comm.) indicates that additional 
data from the postcranial skeleton confirm that this species is 
not referable to Poekilopleuron and that he will be providing a 
new genus name in the forthcoming description of the skeleton. 
Like Eustreptospondylus and Afrovenator, it has a long, unorna- 
mented skull; however, since this individual, as well as the Eu- 
streptospondylus material, may be subadult (Allain 2002), the 
lack of cranial ornamentation may be an ontogenetic feature. As 
in some avetheropods, the promaxillary fenestra is hidden in 
lateral view behind the lamina lateralis of the ascending ramus 
of the maxilla, and the splenial possesses a deep notch on the 
caudal margin for the cranial curve of the internal mandibular 
fenestra. 

Afrovenator abakensis, from the In Abaka locality of the 
Tiourarén Formation (Hauterivian—-Barremian) of Niger, has pre- 
viously been described as a nonavetheropod tetanuran (Sereno 
et al. 1994; Holtz 1998a) or a primitive allosauroid (Rauhut 
2003). The original material is a partial skeleton with much of 
the skull, nearly complete pelvic and hindlimb material, and 
elements from the cervical, dorsal, and caudal vertebral series, 
ribs, and forelimbs. Sereno et al. (1994) diagnosed it based on the 
lobe-shaped cranial margin of the maxillary antorbital fenestra, 
the low, rectangular spinous process on the third cervical verte- 
bra, the flat semilunate carpal block (however, this may be a 
basal tetanuran trait, as it is also present in Xuanhanosaurus), 
and metacarpal I’s having a broad flange for articulation with 
metacarpal II. 

Spinosauridae Stromer, 1915, isa stem-based taxon that com- 
prises Spinosaurus aegyptiacus and all taxa sharing a more recent 
common ancestor with it than with Passer domesticus, Megalo- 
saurus bucklandi, or Allosaurus fragilis. While other spinosauroids 
show only a few anatomical transformations from the basal teta- 
nuran condition, spinosaurids are specialized dinosaurs with 
cranial anatomy, in particular, greatly modified from the basal 


theropod condition. However, the great number of modifica- 
tions found in spinosaurids is likely due, at least in part, to the 
long stratigraphic gap between the earliest known spinosaurids 
(from the Barremian) and their divergence from megalosaurids 
(prior to the Bathonian), assuming the phylogeny presented 
here. More basal spinosaurids would likely have demonstrated 
only a fraction of the derived conditions that currently diagnose 
this clade. 

Spinosaurid monophyly is supported by numerous synapo- 
morphies, including a preorbital skull more than 2.5 times 
as long as tall (also in Afrovenator and “Poekilopleuron” vales- 
dunensis) and a rostrum three or more times the length of the 
internal antorbital fenestra, a premaxilla with seven teeth (also 
in the basal ornithomimosaur Pelecanimimus [Pérez-Moreno et 
al. 1994]), premaxillary and dentary terminal rosettes (lateral 
expansions) supporting elongate cranial teeth, premaxillary- 
maxillary articulations with an interlocking (rather than scarf) 
joint, and a lacrimal with a dorsal and a ventral ramus meeting 
at a 45° angle. 

Spinosaurid teeth are highly transformed from the general 
theropod condition: instead of coarsely serrated, bladelike teeth 
with lenticular cross sections, spinosaurid dentition consists 
of finely serrated (or nonserrated), conical teeth with a circular 
cross section. These teeth resemble those of other piscivorous 
amniotes (e.g., crocodilians, champsosaurs, phytosaurs), sug- 
gesting that spinosaurids also might have fed on fish, at least in 
part (Charig and Milner 1986, 1997; Holtz 1998b; Sereno et al. 
1998). The surfaces of spinosaurid teeth have a characteristic 
fluting on the lingual surface (Charig and Milner 1997; Sereno 
et al. 1998; Sues et al. 2002). 

Most previous studies (Sereno et al. 1994, 1998; Charig and 
Milner 1997; Holtz 1998a) support a position of Spinosauridae 
outside of Avetheropoda. The analysis of Sereno et al. (1998) re- 
mains the only one to test interrelationships among the spino- 
saurids, although Charig and Milner (1997) and Kellner (1996b) 
have speculated on these relationships. Sereno et al. (1998) rec- 
ognized two subfamilies: Baryonychinae, composed of Baryonyx 
and all taxa closer to it than to Spinosaurus (in that analysis, 
Baryonyx and Suchomimus); and Spinosaurinae, composed of 
Spinosaurus and all taxa closer to it than to Baryonyx (in that 
analysis, Spinosaurus and Irritator, coded to include Angaturama). 
Other studies (Sues et al. 2002; Rauhut 2003) consider Sucho- 
mimus to be congeneric, if not conspecific, with Baryonyx. Fol- 
lowing these authors, the nearly identical taxa Baryonyx and 
Suchomimus were coded as a single taxon in this analysis. 

Baryonychinae (first recognized by Charig and Milner, 
1997) is a stem-based taxon comprising Baryonyx walkeri and all 
taxa sharing a more recent common ancestor with it than with 
Spinosaurus aegypticus. Diagnostic of this clade, the dentary 
tooth count of baryonychines is approximately 30 (as opposed 
to approximately 15 in spinosaurines and fewer in other spino- 
sauroids). The head of the quadrate is subrectangular rather 
than oval. The caudal dorsal spinous processes exhibit a basal 
webbing and accessory laminae connecting the costal fovea and 
the vertebral body. The humeri of spinosaurines are currently 
unknown, but those of Baryonyx and Suchomimus are distin- 
guished from those of other spinosauroids by a lateral rather 
than cranial orientation of the apex of the deltopectoral crest 
and an extremely well developed internal tuberosity. 

Baryonyx walkeri, one of the most completely known spino- 
saurids, is from the Upper Weald Clay (base of the Barremian), 
Wealden Group, of Surrey (Charig and Milner 1986). Charig and 
Milner (1997) monographed this material, and reinterpretation 
of the identification of some of the cranial elements was provided 
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by Sereno et al. (1998). The fossil of Baryonyx represents the first 
discovered material demonstrating the powerful forelimb and 
enormous manual ungual (presumably from digit I) of Spino- 
sauridae. Additional material referred to this genus comes from 
the Encisco Group of La Rioja, Spain (Viera and Torres 1995); 
however, this material may also belong to Suchomimus if they are 
in fact different taxa. Baryonyx shares with Suchomimus a high 
dentary tooth count (32). 

Suchomimus tenerensis is also a nearly completely known 
spinosaurid, but at present it has only been briefly described 
by Sereno et al. (1998). The original skeleton is from the Gadou- 
faoua horizon GAD 5, Elrhaz Formation (Aptian) of Niger 
(which also produced Cristatusaurus). Sereno et al. (1998) diag- 
nosed this species by its elongate caudolateral premaxillary 
process, which nearly excludes the maxilla from the external 
naris; its broadened and heightened caudal dorsal, sacral, and 
proximal caudal spinous processes; the hypertrophied ulnar ole- 
cranon process, offset from the humeral articulation; and the 
hook-shaped radial dorsal epicondyle. Rauhut (2003) and Sues 
et al. (2002) do not regard these differences as sufficient to dis- 
tinguish the Niger form from the British, and the latter explic- 
itly refer to this species as Baryonyx tenerensis. 

Cristatusaurus lapparenti is known only from fragmentary cra- 
nial material from the Gadoufaoua horizon GAD 5, Elrhaz For- 
mation (Aptian) of Niger (Taquet and Russell 1998). Like Baryonyx 
and Suchomimus, Cristatusaurus retains fine serrations. Sereno et 
al. (1998) and Sues et al. (2002) consider this taxon a nomen du- 
bium insufficiently distinguished from Baryonyx or Suchomimus. 
Should Cristatusaurus lapparenti prove to be from the same 
species as Suchomimus tenerensis, the former species would have 
priority (on the basis of less than one month). 

Spinosaurinae, erected by Stromer (1915), is a stem-based 
taxon composed of Spinosaurus aegyptiacus and all taxa sharing 
a more recent common ancestor with it than with Baryonyx 
walkeri. Spinosaurus and Irritator are united based on the ab- 
sence of serrations along the dental carinae (very fine serrations 
are present in baryonychines) and of fluted surfaces along the 
lateral surfaces of the teeth. Sereno et al. (1998) also consider 
the wider spacing between the dentary teeth than found in 
theropods to be diagnostic for Spinosaurinae. 

Spinosaurus aegyptiacus is based on various cranial and post- 
cranial remains from the Cenomanian Baharija Formation of cen- 
tral Egypt (Stromer 1915), providing the first documentation of 
the existence of theropods with elongate snouts and crocodile- 
like, conical teeth lacking serrations (fig. 4.22). It is one of the 
great tragedies of dinosaur paleontology that the original spec- 
imens of this species were destroyed in World War II. The elon- 
gate dorsal spinous processes for which the taxon is named are 
not as well developed on other spinosaurids (or any other thero- 
pod), although the spinous processes of Suchomimus and Bary- 
onyx are taller than those of nonspinosaurid theropods. A sec- 
ond species, S. maroccanus Russell, 1996, was distinguished from 
S. aegyptiacus based on different proportions of some of the verte- 
brae; Sereno et al. (1998) do not consider this taxon (known from 
additional cranial remains and vertebrae) distinct from S. aegyp- 
ticus. S. maroccanus is from the Grés rouges infracenomaniens of 
southern Morocco. Several cranial and dental synapomorphies 
unite Spinosaurus with Angaturama and Irritator outside of Sucho- 
mimus, Baryonyx, and Cristatusaurus. Rauhut (2003) cautions that 
because of missing information regarding the precise association 
of the original material of Spinosaurus aegyptiacus, this species 
may represents a chimera, and advocates the use of the name 
Baryonychidae Charig et Milner, 1986, instead of Spinosauridae. 
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FIGURE 4.22. Spinosaurus aegyptiacus: A, rostral portion of left man- 
dible in medial and dorsal views; B, isolated tooth in midshaft cross- 
sectional, distal, and labial views; C, right dorsal rib in caudal view; 

D, left tibia in cranial view; E, cranial dorsal vertebra in left lateral and 
caudal views; F, middle dorsal vertebra in left lateral view. Scale = 10 cm 
(A, C-F), 5 cm (B). (After Stromer 1915.) 


Irritator challengeri is based on a partial cranium from the 
Romualdo Member (middle Albian) of the Santana Formation 
of Brazil previously referred to a new taxon (in Irritatoridae) of 
bullatosaurian coelurosaur by Martill et al. (1996a). Unfortu- 
nately, the original material was altered after its discovery but 
prior to its description in the literature; Sues et al. (2002) docu- 
mented which features are the result of human artifice, which 
are the product of postmortem distortion, and which represent 
the actual anatomy of the dinosaur. This specimen resembles 
Spinosaurus in lacking tooth serrations, in teeth with little cur- 
vature, and in having caudal dentary teeth widely separate, 
which Sereno et al. (1998) used as evidence that Irritator (in 
which they included the Angaturama hypodigm) was the sister 
taxon to Spinosaurus in Spinosaurinae. Sues et al. (2002) de- 
scribed the reprepared skull, the most complete spinosaurid skull, 
in some detail. 

Angaturama limai is known only from a partial skull from the 
Romualdo Member (middle Albian) of the Santana Formation 
of Brazil (Kellner and Campos 1996). A sagittal crest was present 
on at least the premaxilla, but the incompleteness of the fossil 
prevents an exact delineation of its extent. Charig and Milner 
(1997) speculate that the material of Irritator challengeri (from 
the same formation and published only one month prior to 
Angaturama) might be from the taxon; Sereno et al. (1998) ad- 
ditionally speculate (based on the provenance and the lack of 
overlap between the material) that they might be from the same 
individual. Angaturama shares with Spinosaurus a diastema be- 


tween the rostral and caudal premaxillary teeth and teeth with 
little curvature and no serrations. 

Additional conical teeth from the Sao Khua Formation 
(Barremian) of Thailand (Buffetaut and Ingavat 1986) and the 
middle part of the Bissekty Formation (Coniacian) of Uzbek- 
istan (Nessov 1995) have been suggested as belonging to spino- 
saurids. If additional material confirms the spinosaurid nature 
of these fossils, the range of this unusual theropod clade will be 
extended into Asia and into the middle part of the Late Creta- 
ceous. However, given the similarity of spinosaurid teeth to those 
of large contemporaneous crocodyliforms and saurodontid 
teleosts (as noted by Nessov 1995), the phylogenetic identities 
of these fossils are questionable. 

Other taxa that may be tetanurans outside of the Carnosauria- 
Coelurosauria clade but whose phylogenetic positions are not 
directly tested here include the following: 

Becklespinax altispinax is known from only a single specimen 
(a series of three articulated dorsal vertebrae from the Wealden 
of Battle, England). This taxon was previously included in the 
tooth taxon Altispinax (formerly Megalosaurus) dunkeri (Dames, 
1884); however, as there was no overlap between the vertebral 
and dental specimens, Paul (1988a) tentatively referred the 
species to Acrocanthosaurus. But because the material demon- 
strated no particular derived anatomical feature uniquely with 
the allosauroid Acrocanthosaurus, Olshevsky (1991) proposed 
the new genus name Becklespinax for this dinosaur, yielding 
the current name. The spinous processes of these vertebrae are 
elongate, five times as high as the vertebral centrum; as such 
they are higher than any other found in theropods save for Spin- 
osaurus aegyptiacus. No particular derived feature of these verte- 
brae (other than the height of the spinous process) suggests that 
these were from spinosaurids, and indeed the relationship of 
this taxon remains problematic. 

Chilantaisaurus tashuikouensis, known from a single incom- 
plete specimen from the Dashuigou Formation, at Lake Chilan- 
tai, near Alxa, Inner Mongolia, China (Hu 1964), isan extremely 
large theropod. Digit I of the manus bears an unusually large 
ungual phalanx. The phylogenetic position of Chilantaisaurus is 
uncertain: it has previously been considered an allosauroid 
(Hu 1964; Harris 1998a), a taxon intermediate between Allosaurus 
and tyrannosaurids (Kurzanov 1989; Molnar et al. 1990), ora 
member of Spinosauroidea (Sereno et al. 1994). 

Erectopus sauvagei is based on a fragmentary skeleton of a 
theropod of moderate size from the Albian Gault of the Bois de 
la Panthiére, France (Huene 1932). This specimen was associated 
with teeth (the original material of Megalosaurus superbus Sau- 
vage, 1882) that Huene deemed too large to associate with the 
other remains. M. superbus is sometimes considered a second 
species of Erectopus. 

Sauvage’s (1882) figure shows unusual skeletal elements. The 
head of the femur is displaced caudally from the midline of the 
shaft. Sauvage (1882) wrote of, but did not figure, a presumed 
jaw fragment with a coronoid process. Such features are other- 
wise unknown in theropods, so this material needs further 
study. A manus with five metacarpals was suggested for E. sau- 
vagei (Huene 1926a); however, the manual skeleton is too in- 
complete, and this surmise is presently without evidence. The 
manual claws are small. Metatarsal III is half as long as the femur, 
indicating an elongate foot. 

To date, Erectopus has not been subjected to a phylogenetic 
analysis. Isolated teeth from Portugal (e.g., Lapparent and Zbys- 
zewski 1957), England (Sauvage 1882), and Romania (Simion- 
escu 1913) have been attributed to this genus without positive 


anatomical support. Huene (1926b) also attributed metatarsals 
and fragments from Grandpré, Ardennes, France to this taxon. 

Tliosuchus incognitus is known from two isolated ilia found in 
the Bathonian Great Oolite, near Stonesfield, England (Huene 
1932). These ilia exhibit a well-developed vertical ridge extend- 
ing from the acetabular region, as in, among other taxa, tyranno- 
sauroids and Piatnitzkysaurus; however, a particular phylo- 
genetic affinity with either of these taxa cannot be sustained at 
this time. The supracetabular crest of Jliosuchus is large, unlike 
in tyrannosaurids and reminiscent of some ceratosaurs. The size 
of the ilium suggests that Iliosuchus was a small animal: if the 
known specimens come from adult dinosaurs, its length was 
possibly 2 m or less. 

Kaijiangosaurus lini comes from the Lower Shaximiao Forma- 
tion of Sichuan, China (He 1984). The original specimen is 
composed of seven platycoelous cervical vertebrae. Additional 
associated elements from several individuals represent much of 
the postcranial skeleton. The scapular blade is narrow and may 
expand abruptly at the glenoid region, but unfortunately this 
area is broken. The femoral head is not elevated, but the calca- 
neum contacts the astragalus in a peg-and-socket articulation 
(He 1984). Molnar et al. (1990) speculated that this taxon was 
synonymous with Gasosaurus. 

Kelmayisaurus petrolicus is known from the Upper Cretaceous 
Tugulu Group, near Wuerho, China (Dong 1973). It is represented 
by an incomplete left maxilla and dentary. 

Magnosaurus nethercombensis is based on dentaries, one dor- 
sal and one caudal vertebra, a pubis, femora, and tibiae (Huene 
1926b). All are incomplete, the femora being represented mainly 
by casts of the internal cavities. Magnosaurus derives from the 
Bajocian Inferior Oolite of Nethercomb, England. Waldman 
(1974) considered this taxon to be indistinguishable from Megalo- 
saurus; however, he indicated that the distal tibia was not com- 
pressed. Since the tibiae referred to Megalosaurus bucklandi are 
compressed distally, Magnosaurus is here tentatively retained. 
Rauhut (2003) considers Magnosaurus and Eustreptospondylus 
to be congeners based on a similar dorsoventral and transverse 
expansion of the rostral part of the dentary and the shared pres- 
ence of an enlarged third dentary tooth. Of other species previ- 
ously referred to Magnosaurus, M. lydekkeri (Huene 1926b) is based 
on an indeterminate theropod tooth from the Lower Lias of 
Lyme Regis, and M. woodwardi Huene, 1932, may be referable to 
the ceratosaur Sarcosaurus andrewsi. 

“Megalosaurus” hesperis is known only from parts of both pre- 
maxillae, the right maxilla, the vomer, both dentaries, and a 
surangular from the Bajocian Upper Inferior Oolite of Sher- 
bourne, England (Waldman 1974.). The species is plausibly refer- 
able to Megalosaurus but lacks any particular diagnostic derived 
feature on which to base such a reference. Holtz (1998a) found 
that “M.” hesperis could equally well be placed as the sister taxon 
to almost any other nonavetheropod tetanuran clade. 

Metriacanthosaurus parkeri is known from dorsals, caudals, 
most of a right ilium, a partial ischium, the distal ends of the 
pubes, a femur, and a proximal tibia from a single individual 
(Huene 1926b). Originally referred to Megalosaurus, M. parkeri 
comes from the Upper Oxford Clay of Weymouth, England. Al- 
though it is described as having elongate spinous processes, these 
are not substantially longer than those of basal tetanurans, and 
they are in fact proportionately similar to those in sinraptorids. 
This feature led Paul (1988a) to include Yangchuanosaurus, at the 
time the only known sinraptorid, in Metriacanthosaurus. Since 
most sinraptorid synapomorphies are cranial features, though, 
strong positive evidence allying Metriacanthosaurus, Sinraptor, 
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and Yangchuanosaurus outside of all other theropods is not pre- 
sently available. However, Bakker et al. (1992) mention a maxilla 
from the lower Upper Jurassic of England that shows similarities 
to that in sinraptorids. 

Piveteausaurus divesensis is known froma single braincase from 
the marine Upper Callovian of Vaches Noires, France (Walker 
1964). It was originally referred to Eustreptospondylus, from which 
Taquet and Welles (1977) transferred the species to Piveteaut- 
saurus. The braincase is comparable in size to that of a large Allo- 
saurus fragilis. Bakker et al. (1992) noted that the braincase of 
the French theropod was more similar to that of Ceratosaurus 
than to that of Allosaurus; however, as these similarities (un- 
excavated occipital condyle, basal tubera located far caudally) 
are symplesiomorphies, they do not demonstrate positive evi- 
dence of a closer relationship between Piveteausaurus and Cer- 
atosaurus than between the former and Allosaurus. 

Rapator ornitholestoides, based on an isolated manual element, 
was named by von Huene (1932) for a slight resemblance to the 
much smaller Ornitholestes hermanni. The element derives from 
the Albiian Griman Creek Formation, at Lightning Ridge, Aus- 
tralia. Huene considered this element to be a left first meta- 
carpal. It is unusual in possessing a prominent caudomedial 
process, unlike any structure presently known on a theropod 
metacarpal. However, Huene’s assignment of this bone to the 
metacarpus may be in error. Indeed, the morphology of this 
bone is similar to that of the first phalanx of the left manual 
digit I of alvarezsaurid coelurosaurs such as Patagonykus (Novas 
1996b) and Mononykus (Perle et al. 1994). If Rapator is indeed 
an alvarezsaurid, it is the largest and oldest known and the first 
reported from Australia. 

Sigilmassasaurus brevicollis is based on a cervical vertebra from 
the Grés rouges infracénomaniens of southern Morocco, of pos- 
sibly Albian age (Russell 1996); referred material includes addi- 
tional cervical, dorsal, and caudal vertebrae. Russell (1996) con- 
siders the material from Bahariya Oasis, Egypt, that Stromer 
(1934b) called “Spinosaurus B” as coming from this or a closely 
related species. Russell indicated differences between these ver- 
tebrae and those of other mid-Cretaceous North African forms, 
including spinous processes short and wider transversely than 
long; intercentral articulations wider than high, exceeding the 
length of the vertebral centrum in width; transverse planes 
through cranial and caudal intercentral articulations converg- 
ing dorsally; costolateral eminences (parapophyses) projecting 
ventrolaterally beyond the rim of intercentral articulations; and 
ventral processes more powerfully developed in the middle of the 
cervical series than in the region of the cervical-dorsal transition. 

Russell proposed that this material was from a hitherto un- 
described taxon, and he coined Sigilmassasauridae for S. brevi- 
collis and for a second specimen (Sigilmassasaurus sp.) that dif- 
fers from the original material in proportions and is interpreted 
from coming from lower in the stratigraphic section of the Grés 
rouges. Sereno et al. (1998), however, considers Sigilmassasaurus 
a junior synonym of Carcharodontosaurus. 

Streptospondylus altdorfensis, based on a partial skeleton from 
the Callovian-Oxfordian Shales outcropping along the Vaches 
Noires cliffs in Normandy (Meyer 1832), isa medium-sized thero- 
pod recently redescribed by Allain (2001). The original material 
comprises vertebrae from all portions of the vertebral column, 
as well as the distal ends of a pubis, a femur, a fibula, and a tibia. 
The first dorsal vertebra of this dinosaur has a pair of ventral 
crests, as does Eustreptospondylus, leading Allain (2001) to pro- 
pose a close affinity between these two taxa. 

“Zanclodon” cambrensis is based on a natural mold of a left 
dentary from Glamorganshire, Wales (Newton 1899). Various 
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authors—Walker (1964), Waldman (1974), Molnar et al. (1990)— 
have observed many similarities between this material and 
Megalosaurus bucklandi. However, these similarities have not 
been established to be derived similarities, and the inclusion of 
this specimen in Megalosaurus or even Tetanurae is not presently 
established. 

Avetheropoda (first recognized by Paul [1988a]), is a node- 
based taxon comprising Allosaurus fragilis, Passer domesticus, 
their most recent common ancestor, and all of its descendants. 
Paul (1988a) proposed this taxon for the inclusion of the taxa 
considered here to be coelurosaurs and carnosaurs, albeit or- 
ganized in a different phylogenetic scheme. The name was re- 
tained by Holtz (1994) for the clade comprising, on one branch, 
Allosaurus and its allies and, on the other, the coelurosaurs sensu 
Gauthier (1986); Sereno et al. (1994) coined Neotetanurae for 
this same clade. Carnosauria (Allosaurus and all taxa closer to it 
than to Neornithes) and Coelurosauria (Neornithes and all taxa 
closer to it than to Allosaurus) are known from some of the most 
complete fossil dinosaur material. At present many of the char- 
acters used by Gauthier (1986) to diagnose Tetanurae cannot be 
confidently evaluated as present or absent for tetanuran taxa 
outside of Avetheropoda. 

A precise diagnosis for Avetheropoda is difficult due to the 
incompleteness of the fossils of the basal members of the 
immediate outgroups (Spinosauroidea, Xuanhanosaurus, and 
“Szechuanosaurus”). A provisional list would include maxillary 
fenestra (also present in eustreptospondyline megalosaurids); 
broad contact between the dorsal ramus of the quadratojugal 
and the ventrolateral ramus of the squamosal; the presence of 
palatine recesses; the ectopterygoid expanded, with a deep 
ventral groove excavated into the body on the medial side; the 
splenial with a notch on the caudal margin for the internal 
mandibular fenestra (also in “Poekilopleuron” valesdunensis); the 
attachment of M. depressor mandibulae on the retroarticular 
process facing caudodorsally; the zygapophyses of the cervical 
vertebrae displaced laterally away from the vertebral centrum in 
dorsal view; the costolateral eminences in the caudalmost dor- 
sal vertebrae located distinctly below the transverse processes; 
the transition point in the proximal half of the tail; L-shaped 
hemalarches present in at least the distal half of the tail; the iliac 
preacetabular fossa for M. iliofemoralis internus present, large, 
and narrow; the ventral floor of the pelvic canal widely open as 
pelvic fenestra (Hutchinson 2001a); the obturator process sep- 
arate from the pubic plate, placed on the proximal third of the 
ischium; the ischial obturator notch having subparallel sides; 
the femoral head medially oriented; the insertion on the proxi- 
mal lateral femur for M. pubo-ischio-femoralis internus on the 
accessory trochanter (Hutchinson 2001b); the astragalar distal 
condyles oriented cranioventrally; and metatarsal III having a 
wedge-shaped cross section at midshaft. 

Carnosauria, although traditionally a “wastebasket” taxon 
erected by von Huene (1920) for any large theropod, is now rec- 
ognized as amonophyletic clade composed of Allosaurus fragilis 
and other taxa sharing a more recent common ancestor with 
it than with birds (Gauthier 1986; Holtz 1998a; Padian et al. 
1999). Sereno (1997, 1998, 1999a) used the name Allosauroidea 
for this clade; in the present chapter we follow Currie and Zhao’s 
(1993a) use of the latter name (made in explicit phylogenetic 
taxonomic definition format in Padian et al. [1999]) fora more 
inclusive clade comprising Allosaurus fragilis, Sinraptor dongi, their 
most recent common ancestor, and all of its descendants. 

The diagnosis of Carnosauria includes the long axis of the 
naris more than one-half the length of the long axis of the orbit; 
the lateral surface of the nasal participating in the antorbital 


cavity, forming a nasal antorbital fossa; nasal recesses present; 
the prefrontal being excluded from the rostral rim of the orbit in 
lateral view, displaced caudally and/or medially, and the ventral 
process absent; the supraorbital notch between the postorbital 
and the prefrontal; paroccipital processes directed strongly 
ventrolaterally from the occiput, with the distal end below the 
level of the foramen magnum; a notch between the caudo- 
ventral limit of the exoccipital-opisthotic-basisphenoid com- 
plex and the basal tubera; the basipterygoid processes short but 
not fused to pterygoids; the occiput depths above and below the 
foramen magnum subequal; the pendant medial process on the 
articular; the length of the midcervical vertebral centrum less 
than twice the diameter of cranial articular surface; the cranial 
margin of the spinous processes of the proximal midcaudal 
vertebrae having a distinct kink, with the dorsal part of the cra- 
nial margin more strongly inclined caudally than the ventral 
part; and a cranial spur along the cranial margin of the spinous 
processes of the midcaudals. 

Most carnosaur taxa fall within the allosauroids. Monolopho- 
saurus lacks the basal synapomorphies of Allosauroidea and so 
falls outside that taxon. Additionally, Lourinhanosaurus, Fukui- 
raptor, and Siamotyrannus have variable positions in this analy- 
sis, sometimes outside Allosauroidea and sometimes within it. 

Monolophosaurus jiangi is known from a complete skull, most 
of the cervical, dorsal, sacral, and proximal caudal vertebral col- 
umn, and complete pelvic material from the Middle Jurassic 
Wucaiwan Formation of the Junggar Basin, Xinjiang, People’s 
Republic of China (Zhao and Currie 1993). It has a highly apo- 
morphic crest down the midline of the skull, formed by the 
dorsal surfaces of the premaxillae, the nasals, and the lacrimals; 
this crest was apparently hollow and perforated in the caudal 
portion by large openings. Most of the rest of the known mate- 
rial is conservative. Initially described as a “megalosaur-grade 
theropod,” it is considered a primitive carnosaur by Sereno et 
al. (1996), Holtz (1998a), and Currie and Carpenter (2000), a 
position also recovered here. 

Cryolophosaurus ellioti is still undergoing study, and only the 
initial preliminary description is published (Hammer and Hick- 
erson 1994). It was not included in the present analysis, but pre- 
vious studies (Sereno et al. 1994, 1996) place it as a carnosaur. 
From the Early Jurassic (Sinemurian—-Pliensbachian) Hanson For- 
mation of the Transantarctic Mountains, Antarctica, this species 
is known from only a partial skull and associated vertebrae 
and pelvic and hindlimb elements. The nasals and lacrimals to- 
gether form a rostrally facing vertical crest across the skull, with 
a furrowed surface unlike most other theropod cranial orna- 
mentation. As restored, the squamosal forms an interdigitating 
joint with the jugal and postorbital that is reminiscent of or- 
nithomimosaurs. However, it is unclear that this is not post- 
mortem distortion: the specimen might resemble other carno- 
saurs (e.g., Allosaurus) in which a bulge of the squamosal faces 
rostrally into the infratemporal fenestra. The hindlimb elements 
show some primitive (e.g., a declined femoral head) and even 
ceratosaurian (fusion of the tibia, astragalus, and calcaneum) 
features; these elements may belong to a different theropod 
than does the skull, although Hammer and Hickerson (1994) 
indicate that the size of the hindlimbs is appropriate for the size 
of the skull. 

Lourinhanosaurus antunesi, from the upper Kimmeridgian- 
lower Tithonian Lourinha Formation of Lourinha, Portugal, is 
known from cervical, dorsal, sacral, and caudal vertebrae, an 
incomplete pelvis, and partial hindlimbs (Mateus 1998). The 
obturator foramen on the pubis is extremely large; as in Afrove- 
nator, allosauroids, and coelurosaurs (but not Monolophosaurus) 


an obturator notch is present on the ischium, producing an 
obturator process. The specimen was found with 32 gastroliths 
in situ. It is uncertain whether clutches of theropod eggs with 
embryos found near the original locality (Mateus et al. 1997) 
came from Lourinhanosaurus or from the sympatric Allosaurus 
(Pérez-Moreno et al. 1999). 

Fukuiraptor kitadaniensis, from the Albian strata of the Kita- 
dani Formation of Fukui Prefecture, Japan, is currently known 
from a fragmentary skeleton of an immature individual with an 
estimated length of 4.2 m and scattered fragmentary postcrania 
that may belong to the same individual (Azuma and Currie 
2000). The interdental plates are fused to the dentary and max- 
illa (as in dromaeosaurids), the length of the ulna is 92% of that 
of the humerus (considerably longer than in carnosaurs), and 
the ascending process of the astragalus is taller than in non- 
coelurosaurian tetanurans. The manual unguals of this dino- 
saur are particularly large and mediolaterally compressed: they 
resemble the pedal digit II ungual of large dromaeosaurids such 
as Utahraptor, and consequently initial reports of this taxon re- 
ferred it to Dromaeosauridae (Azuma and Currie 1995). As in 
Siamotyrannus, the dorsal centra lack pneumatopores, resulting 
in the union of these two taxa in the present analysis. However, 
since pneumatization of the vertebral column proceeds cau- 
dally during ontogeny in theropods (Britt 1993; Rauhut 2003), 
this apparent synapomorphy may simply reflect similar growth 
stages, and the union of these two Early Cretaceous carnosaurs, 
appealing as it may be from a paleobiogeographic standpoint, 
must be accepted with considerable caution. 

Siamotyrannus isanensis, from the Barremian Sao Khua Forma- 
tion of northeastern Thailand, is known only from the pelvis, 
the sacrum, the 13 most proximal caudal vertebrae, some hemal 
arches, and 5 dorsal vertebrae (Buffetaut et al. 1996). The size 
of the known elements suggests an animal approximately 6.5 m 
long. Siamotyrannus was considered a primitive member of 
Tyrannosauridae by Buffetaut et al. (1996a) because it possesses 
a medial extension from the ilium contacting the sacrum, a 
small version of the hooklike flange from the preacetabular 
blade of the ilium, a median crest on the ilium dorsal to the ace- 
tabulum, anda semicircular scar on the caudolateral portion of 
the ischium just distal to the contact with the ilium. This posi- 
tion was provisionally supported by Holtz (2001b). Unlike in 
tyrannosauroids, however, the median “crest” is actually a pair 
of crests. The supracetabular crest is larger than in tyranno- 
saurids. The pubic boot resembles that of tyrannosaurids and 
ornithomimosauts in shape but is more similar in proportion 
to the latter in that its length is less than one-third of the verti- 
cal length of the pubis. The shape of the obturator process is 
uncertain, as this region is damaged. As in Lourinhanosaurus 
and more derived carnosaurs, the spinous processes of the mid- 
caudals bear a short, cranially oriented spur and have a distinct 
kink. The obturator notch on the pubis is partially closed by a 
cranially oriented hook, unlike the condition in coelurosaurs 
and most reminiscent of the partially closed condition in the 
carnosaur Sinraptor, although in the latter case this is most likely 
due to postmortem destruction. Rauhut (2003) found Siamo- 
tyrannus to bea primitive carnosaur rather than a basal tyranno- 
sauroid; a similar position is recovered here. 

Allosauroidea is a clade composed of Allosaurus fragilis, Sin- 
raptor dongi, their most recent common ancestor, and all of its 
descendants. This membership is consistent with the original 
use of the name Allosauroidea for a clade composed of Allo- 
sauridae and Sinraptoridae (Currie and Zhao 1993a). In the 
analysis used here the allosauroids contain Allosauridae (A. fra- 
gilis and all taxa sharing a more recent common ancestor with it 
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than with S. dongi or Carcharodontosaurus saharicus), Sinraptori- 
dae (S. dongi and all taxa sharing a more recent common ances- 
tor with it than with A. fragilis or C. saharicus), and Carcharo- 
dontosauridae (C. saharicus and all taxa sharing a more recent 
common ancestor with it than with A. fragilis or S. dongi). This 
clade is diagnosed by paired narial ridges along the lateral edges 
of the nasals and lacrimal ridges continuous with the raised sur- 
face of the lateral edges of the nasals; lacrimal recesses present; 
the postorbital dorsal surface having an enlarged bump (also 
in tyrannosaurids); a quadratojugal with a broad, short caudal 
process that wraps around the ventrolateral edge of the quadrate 
(also in coelurosaurs); a quadrate with a well-developed articu- 
lar flange for the quadratojugal; the paired palatines contacting 
medially; the jugal process of the palatine expanded distally; 
the palatine with a flange-shaped articular process for lacrimal; 
the lateral transverse nuchal crest height rising dorsal to the 
parietal crest (also in tyrannosaurids); the paroccipital processes 
oriented strongly caudolaterally, so that they extend well be- 
yond the caudalmost point of occipital condyle (also in Cerato- 
Saurus); a pneumatic fossa around the opening for the internal 
carotid artery; a horizontal shelf on the lateral surface of the 
surangular rostral and ventral to the mandibular condyle, promi- 
nent, and pendant; the premaxillary tooth crowns asymmetri- 
cal: strongly convex labially, flattened lingually (also in coeluro- 
saurs); the spinous process of the cervical vertebrae twice as long 
or longer than the vertebral centrum; the spinous process of the 
caudal dorsal vertebra oriented cranially; a pubic boot with a 
cranially expanded wedge shape; and a distal ischial tubercle 
(also in eustreptospondyline megalosaurids). 

Sinraptoridae consists of Sinraptor dongi and all taxa sharing 
a more recent common ancestor with it than with Allosaurus 
fragilis or Carcharodontosaurus saharicus (Currie and Zhao 1993). 
At present known only from the Middle and the lower part of 
the Upper Jurassic of China, Sinraptoridae comprises four named 
species in two genera. However, Bakker et al. (1992) consider a 
maxilla from the lower Upper Jurassic of England (previous 
described by Huxley [1869a] as the upper jaw of Megalosaurus) 
as belonging to a yangchuanosaur (sinraptorid in current tax- 
onomy) based on its general proportions and its greatly reduced 
rostral ramus. Sinraptorids are distinguished by external nares 
with a marked inset of the caudal margin; the loss of the rostral 
ramus of the maxilla; a promaxillary fenestra much larger than 
the maxillary fenestra (the latter lost or reduced to a small pore); 
and squamosal flange that covers the quadrate head in lateral 
view. The various species of Sinraptor and Yangchuanosaurus dif- 
fer from each other only in proportions; with regards to the 
characters used to test their relationships to nonsinraptorid 
theropods, these taxa were identical, so that they were coded as 
a single taxon (as in Sereno et al. 1994, 1996; Sereno 1999a; and 
Rauhut 2003). Holtz (1998a) directly tested, and supported, the 
monophyly of Sinraptor and Yangchuanosaurus outside of all 
other theropods. 

Sinraptor is known from two species, both based on nearly 
complete material (Currie and Zhao 1993a). The most thor- 
oughly described sinraptorid is S. dongi (Currie and Zhao 1993a), 
from the upper Middle-lower Upper Jurassic Shishugou Forma- 
tion of Xinjiang, People’s Republic of China. The original ma- 
terial is a nearly complete skull and most of the postcranium, 
lacking most of the forelimb and some of the caudal vertebrae. 
The second species, S. hepingensis, from the Upper Shaximiao 
Formation of Zigong, Sichuan, People’s Republic of China, was 
initially considered a new species of Yangchuanosaurus (Gao 1992). 
Sinraptor is distinguished from Yangchuanosaurus by a longer, 
lower skull, by the large size of the infratemporal fenestra, by an 


102 DINOSAUR SYSTEMATICS 


intertemporal prong of the postorbital that is covered laterally 
by the squamosal, by a postorbital rugosity that almost closes 
the gap between the lacrimal and the postorbital, by the pres- 
ence of an extra process of the jugal contacting the quadrato- 
jugal, and by a stronger inflection in the atlas-axis complex, 
which brings the vertebral column under the back of the skull. 
S. dongi is distinguished from S. hepingensis by possessing a 
longer, lower premaxilla; more numerous and elaborate pneu- 
matic openings in the antorbital fossa; more limited exposure of 
the intertemporal process of the postorbital; and a longer sub- 
temporal bar; in S. hepingensis the maxillary fenestra is appar- 
ently completely closed. The obturator foramen of the pubis of 
S. dongi as preserved opens ventrally, but this may be post- 
mortem damage; that of S. hepingensis is completely enclosed. 

Yangchuanosaurus shangyouensis is represented by a skeleton 
lacking forelimbs, pedes, and a distal tail (Dong et al. 1978). A 
second species, Y. magnus, is based on a snout, jaws, vertebrae, 
a pelvis, and a femur (Dong et al. 1983). Both come from the 
Upper Shaximiao Formation near Chongqing, Sichuan, People’s 
Republic of China. It is not at all apparent that these are not 
simply two different growth stages of the same species, with 
“Y, magnus” an older individual. The skull of Yangchuanosaurus 
is shorter than that of Sinraptor, and, as in Monolophosaurus 
(Zhao and Currie 1993) and some undescribed specimens of 
Torvosaurus, the proximal obturator flange of the ischium is re- 
stored as being perforated by a foramen. 

Allosaurids and carcharodontosaurids share several derived 
features that are lacking in sinraptorids and some (but not all) 
of the other carnosaurs: the rostral ramus of the surangular 
deep, much more than one-half the height of the postdentary 
mandible; the retroarticular process of the articular broadened, 
with a groove caudally for M. depressor mandibulae; hatchet- 
shaped hemal arches (the distal portion longer craniocaudally 
than the proximal portion, with a ventrally convex margin) 
present in the distal third of the tail; the caudal expansion of the 
scapula blade reduced or absent; metacarpal I stout, approxi- 
mately as broad as long, and blocklike; the obturator foramen on 
the pubis open ventrally to form the obturator notch; the pubic 
boot 30%-50% as long as the pubic shaft; puboischial contact 
only along a narrow region; the proximolateral (fibular) condyle 
of the tibia narrowing conspicuously between the body of the 
condyle and the main body of the tibia when viewed from the 
articular surface. In the present analysis these characteristics 
unite these two forms outside of all other theropods; intrigu- 
ingly, nearly all of these are also present in coelurosaurs but not 
in other carnosaurs. 

Allosauridae, whose name was originally coined by Marsh 
1879a, is defined as Allosaurus fragilis and all taxa sharing a more 
recent common ancestor with it than with Sinraptor dongi or 
Carcharodontosaurus saharicus. In the present analysis only the 
single taxon Allosaurus was found to fall within the definition of 
Allosauridae used here. However, Saurophaganax, which is not 
employed in the phylogenetic analysis in this chapter, may also 
belong to this clade. 

Allosaurus is by far the best studied of the noncoelurosaurian 
theropods. Originally named by Marsh (1877b), it isnow known 
from dozens of specimens and has been monographed by Gil- 
more (1920) and Madsen (1976a). The taxonomy of this genus is 
complex: some authors (e.g., Madsen 1976a) include all the 
specimens within A. fragilis Marsh, 1877, while others (e.g., Paul 
1988a) also recognize A. atrox (Marsh, 1878a). Smith and others 
(Smith 1999; Smith et al. 1999), based on morphometric studies 
of cranial and postcranial material, consider all the allosaurid 
material from the Morrison to be from A. fragilis (save for Sauro- 


phaganax material, which Smith [1999] places in A. maximus). 
The pathological dentary Labrosaurus ferox Marsh, 1884, almost 
certainly belongs to Allosaurus (Madsen and Welles 2000) 
and possibly belongs to A. fragilis. Chure (in press) examined all 
nineteenth- and twentieth-century taxa referred to Allosaurus 
and found that those fossils belonged either to nonallosaurid 
taxa or to A. fragilis. However, he also identified a second species 
from lower stratigraphically in the Morrison Formation (the 
Salt Wash Member rather than the Brushy Basin Member) than 
most A. fragilis. 

Allosaurus is the most common theropod of the Kimmerid- 
gian Morrison Formation of the American West, and a partial 
specimen is known from the upper Kimmeridgian-Tithonian 
Lourinha Formation of Portugal (Pérez-Moreno et al. 1999). 
The Lourinha specimen shows a long, cranially directed lamina 
of bone extending from the obturator process of the ischium 
cranially to the level of the puboischial contact and is clearly 
distinct from the sympatric Lourinhanosaurus. Chure (in press) 
demonstrated that this feature is an autapomorphy of Allo- 
saurus, although often it is not recovered due to preservation or 
damage during preparation. He additionally diagnoses Allosaurus 
by the presence of a large, mediolaterally compressed, dorsally 
projecting cornual process of the lacrimal (similar to that found 
in the sympatric Ceratosaurus); a fenestrate dorsal wall of the 
maxillary antrum; and a spindle-shaped foramen on the lateral 
surface of sacral centrum 4. Chure (in press) diagnosed A. fragilis 
by the presence of two large pneumatic recesses at the base of the 
lacrimal cornual process; the ventral margin of the jugal de- 
flected ventrally at midlength, so that the ventral margin is not 
straight; and metacarpal I being proportionately shorter than 
his newly recognized Allosaurus species. The latter is diagnosed 
by a row of neurovascular foramina piercing that part of the 
maxilla forming the medioventral wall of the maxillary ant- 
orbital fossa in lateral view; the axial intercentrum rotated dor- 
sally and having a flared rim; the obturator notch of the pubis 
craniocaudally long and having a cranially directed triangular 
process arising from its caudal and medioventral corner; the 
spinous processes of the proximal caudal vertebrae having ac- 
cessory ossifications along their cranial and caudal margins, 
giving the spines a rectangular outline in lateral view and ob- 
scuring the beveled cranial margin of the spine; and the elon- 
gate proximolateral corner on pedal phalanx III-2. Allosaurus 
shares with Neovenator the presence of five premaxillary teeth; 
in Holtz (1998a) these two taxa were united outside of other 
theropods, but such a position is not recovered here. 

Saurophaganax maximus, not included in the phylogenetic 
analysis presented here, is thought to be a distinct enormous 
allosaurid from the Upper Jurassic Morrison Formation (Chure 
1996), but is considered by Smith (1999) to be a species of Allo- 
saurus on morphometric grounds. Chure (1996, in press) distin- 
guished it from Allosaurus by the presence of a horizontal lamina 
along the base of each side of the spinous process of the cranial 
dorsal vertebrae; an atlas that lacks prezygapophyses for the 
proatlas and does not roof the neural canal; a postorbital lack- 
ing a postorbital boss; some cervicals with nearly vertical post- 
zygapophyses; a pneumatic vertebral centrum foramina well de- 
veloped into the caudal dorsals; a femur bowed laterally; no 
astragalar buttress on craniodistal face of tibia; and metatarsal IV 
less divergent distally than in other carnosaurs. Known material 
of Saurophaganax includes a large number of bones of at least 
four individuals, reviewed in Chure (in press). 

Carcharodontosauridae, originally named by Stromer (1931), 
is defined as Carcharodontosaurus saharicus and all taxa sharing 
a more recent common ancestor with it than with Allosaurus 


fragilis or Sinraptor dongi. Rauhut (1995) and Sereno et al. (1996) 
resurrected this taxon name with their reanalyses of material of 
Carcharodontosaurus. The latter authors also included Giganoto- 
saurus and Acrocanthosaurus in this clade, although Currie and 
Carpenter (2000) do not regard the North American form as 
closer to the two giant mid-Cretaceous Gondwanan carnosaurs 
than to Allosaurus. In the study here Acrocanthosaurus formed a 
clade of giant mid-Cretaceous carcharodontosaurids, with the 
smaller and older Neovenator as a sister group. 

Carcharodontosaurid monophyly was supported here by an 
ilium with pre- and postacetabular blades of subequal length; 
the presence of a ventral flange on the pubic peduncle; a pubic 
boot more than half as long as the pubic shaft (convergent with 
the largest tyrannosaurids); loss of the ventral notch on the 
distal portion of the ischial obturator notch (also in derived 
coelurosaurs); and a pronounced medial epicondyle, extending 
one-quarter or more of the length of the femoral shaft. Acrocan- 
thosaurus is united with the Gondwanan carcharodontosaurids 
on the shared reduction of the length of the long axis of the 
naris to less than one-half the length of the long axis of the orbit 
(reversal of the noncarnosaur condition); lateral margins of the 
nasals subparallel throughout their length (as in spinosaurids 
and coelurosaurs); presence of the lacrimal suborbital bar; wide 
contact between the lacrimals and the postorbitals, forming a 
thick brow above the orbits (as in the largest tyrannosaurids), 
and the suborbital notch lost; fusion of the frontal-frontal 
contact; postorbital surface with a rostrally projecting rugosity; 
postorbital suborbital flange; and presence of sacral pleurocoels. 
The dorsal spinous processes of Acrocanthosaurus (Harris 1998a) 
and at least some Gondwanan carchodontosaurids (Alcober 
et al. 1998) are highly pneumatized. Like other recent analyses 
(Sereno et al. 1996; Holtz 1998a), the present study found a 
Giganotosaurus-Carcharodontosaurus clade. These two taxa share 
facial bones with external sculpturing; loss of the narial ridges 
that characterize other carnosaurs; rugose nasal dorsal surfaces; 
the supratemporal fossa rostromedial corner roofed over by the 
shelf of frontals and parietals; an infratemporal fenestra about 
twice as large as the area of the orbit in lateral view (also in 
Ceratosaurus and Sinraptoridae); lateral surfaces of teeth having 
wrinkles in the enamel internal to the serrations; reduced cur- 
vature of the tooth crown; cranial and middle cervical centra 
wider than high; and elevation of the articular face of the mid- 
cervical centra absent. 

All the presently recognized carcharodontosaurids are from 
the Cretaceous; however, Rauhut (1995) suggested that some 
isolated teeth from the Upper Jurassic Tendaguru Group of 
Tanzania might be representative of the carcharodontosaurid 
lineage. Alcober et al. (1998) report a new carcharodontosaurid, 
including a furcula, from the (Santonian-Campanian) Rio 
Colorado Formation of Mendoza Province, Argentina. New 
carcharodontosaurid material from the upper part of the (Ceno- 
manian) Huincul Member of the Rio Limay Formation of 
Neuquén, Argentina, is presently being described (Currie and 
Novas, pers. comm.). 

Neovenator salerii, from the Early Cretaceous (Barremian) 
Wessex Formation of the Isle of Wight, is based on most of a 
skeleton including a partial skull (Hutt et al. 1996). As with 
many noncarcharodontosaurid carnosaurs, the external naris 
is large (twice as long as high and twice as long as the dental mar- 
gin of the premaxilla). The pleurocoels continue throughout 
the dorsal column. Naish et al. (2001) distinguish Neovenator 
from other theropods based on the shape of the raised crests of 
the nasals (not known at the time of initial description) and a 
dorsal groove on at least one of the pedal ungual phalanges. 
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Additionally, Neovenator possesses premaxillae with a ridge- 
and-groove structure on their medial surfaces, a condition not 
yet reported in other theropods. Holtz (1998a) found Neovenator 
to be the sister taxon to Allosaurus, while Naish et al. (2001) 
speculated that it was a carcharodontosaurid (as supported 
here). Although the original material suggests that Neovenator 
reached a length of 7 m, isolated remains indicate individuals as 
long as 10m. 

Acrocanthosaurus atokensis is a large allosauroid originally 
described on the basis of two partial skeletons (one with cranial 
material) from the Aptian-Albian Antlers Formation of Okla- 
homa (Stovall and Langston 1950). Two additional specimens, 
one from the Twin Mountain Formation of Texas (Harris 1998a) 
and anew, nearly complete skeleton with a complete skull from 
the Antlers Formation (Currie and Carpenter 2000), have been 
described and have greatly increased our knowledge of this 
taxon. Currie and Carpenter (2000) diagnose Acrocanthosaurus 
with the following features: elongate spinous processes more 
than 2.5 times the length of the vertebral centrum in the pre- 
sacral, sacral, and proximal caudal regions; the lacrimal con- 
tacting the postorbital (also in other giant carcharodon- 
tosaurids); the supraoccipital expanding on either side of the 
midline to protrude as a double boss behind the nuchal crest; 
pleurocoelous fossae and foramina pronounced on all presacral 
and sacral vertebrae (also in other giant carcharodontosaurids); 
cervical spinous processes having triangular cranial processes 
that insert into depressions beneath overhanging processes on 
preceding spinous processes; and accessory transverse processes 
on midcaudal vertebrae. 

Acrocanthosaurus has generally been variably considered an 
allosauroid (Stovall and Langston 1950; Molnar et al. 1990; Holtz 
1994, 1998a; Sereno et al. 1996; Currie and Carpenter 2000), a 
taxon intermediate between allosaurids and tyrannosaurids 
(Paul 1988a), or a taxon between allosaurids and coelurosaurs 
(Bakker et al. 1988). Currie and Carpenter (2000) found Acro- 
canthosaurus to be closer to Allosaurus than to Carcharodonto- 
saurus and Giganotosaurus; Sereno et al. (1996), Harris (1998a), 
Holtz (1998a), and the present analysis instead find the Aptian- 
Albian taxon to be closer to the Gondwanan carcharodonto- 
saurid clade than to Allosaurus. 

Carcharodontosaurus saharicus is based on a pair of teeth from 
Timimoun, Algeria, originally referred to Megalosaurus saharicus 
(Depéret et Savornin, 1927). These were subsequently destroyed 
during World War II. Additional cranial and postcranial material 
referred to this taxon was collected at the Baharija Formation 
(Cenomanian) of Egypt and described by Stromer (1931, 1934b), 
who transferred the species to the new genus Carcharodonto- 
saurus. This material too was lost in World War II. Rauhut (1995) 
reviewed the material based on the illustrations provided by 
Stromer and concluded that this taxon was a derived allosaurid. 
Subsequently, Sereno et al. (1996) confirmed this hypothesis with 
additional material for this taxon, including a braincase and 
much of the surficial bones of the skull. Lapparent (1960a) and 
Russell (1996) referred many isolated elements to C. saharicus. 

Giganotosaurus carolinii, from the ?Albian Candeleros Mem- 
ber of the Rio Limay Formation, Neuquén, Argentina, is known 
from a skull and partial postcranium representing the largest 
theropod skeleton currently described (Coria and Salgado 1995) 
and an even larger dentary (Calvo and Coria 2000). This taxon is 
characterized by a dorsoventrally deep maxilla with subparallel 
dorsal and ventral edges and two pneumatic foramina on the 
internal side of the quadrate. As in Piatnitzkysaurus, the dentary 
has a dorsoventrally expanded rostral tip (Sereno et al. 1996; 
Holtz 1998a; Calvo 1999). 
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Coelurosauria, originally named by von Huene (1914a), is 
defined as Passer domesticus and all taxa sharing a more recent 
common ancestor with it than with Allosaurus fragilis. Although 
previously used as a taxon to receive all small-bodied theropods, 
Coelurosauria is now regarded as the clade composed of extant 
birds and all theropods sharing a more recent common ancestor 
with extant birds than with Allosaurus (Gauthier 1986). The di- 
agnosis of Coelurosauria is uncertain, depending on the inclu- 
sion of certain basal forms. In the present study some of these 
synapomorphies are a maxillary antorbital fossa greater than 
40% of the rostrocaudal length of the antorbital cavity; a 
quadratojugal with a broad, short caudal process that wraps 
around the ventrolateral edge of the quadrate (also in allo- 
sauroids); the caudalmost extent of the jaw joint rostral to the 
caudalmost point of occipital condyle; the rostral ramus of 
the surangular deep, much more than one-half the height of the 
postdentary mandible; the articular surfaces of the cervical ver- 
tebral centrum amphiplatyan; caudal transverse processes pres- 
ent only on caudals 1-15 or fewer; elongate prezygapophyses on 
caudals 15 and beyond; boat-shaped hemal arches (with cranial 
and caudal projections and more than twice as long cranio- 
caudally as tall dorsoventrally) present in the distal third or 
more of the tail; the medial side of metacarpal II not expanded 
proximally; metacarpal III clearly shorter than metacarpal I; 
an ilium with pre- and postacetabular blades of subequal length 
(also in carcharodontosaurids); the obturator foramen on the 
pubis open ventrally to form the obturator notch (also in allo- 
sauroids); puboischial contact only along a narrow region (also 
in allosauroids); the craniocaudal length of the proximal end of 
the fibula 75% or more the craniocaudal length of the proximal 
end of the tibia; the ascending process of the astragalus arising 
out of the complete breadth of the astragalar centrum; loss of 
the pronounced horizontal groove across the cranial face of 
the astragalar condyles; and metatarsal I plantar to the medial 
side of metatarsal II. In addition, Coelurosauria is characterized 
by the presence of a simple filamentous branching integument, 
if not true feathers, although the lack ofa preserved integument 
for other, more basal tetanurans allows the possibility that this 
trait was more broadly distributed. 

In the present study Compsognathidae (Compsognathus and 
Sinosauropteryx) were found to be the sister group to the remain- 
ing coelurosaurs. 

Compsognathidae, originally named by Cope (1871), is de- 
fined as Compsognathus longipes and all taxa sharing a more re- 
cent common ancestor with it than with Passer domesticus. This 
clade of small coelurosaurs is presently known from the Late 
Jurassic of Europe and the Early Cretaceous of China. This taxon 
has long been known only from Compsognathus, but the discov- 
ery of the series of skeletons of Sinosauropteryx (Chen et al. 1998; 
Currie and Chen 2001) has greatly aided our understanding of 
the taxon’s anatomy. Naish and others (Naish 1999a; Naish et 
al. 2001) have suggested that the Early Cretaceous British form 
Aristosuchus is a compsognathid; similarly, a partial pelvis and 
hindlimb of a small theropod (at present unnamed) with fan- 
shaped dorsal spinous processes from the Early Cretaceous 
Santana Formation of Brazil was considered a possible comp- 
sognathid by Martill et al. (2000). 

Compsognathids are diagnosed by the presence of a short 
ventral process at the caudal end of the premaxillary body; a 
nasal excluded from the external antorbital fenestra; fan-shaped 
dorsal spinous processes (also present in the basal dinosauro- 
morph Marasuchus and the basal troodontid Sinovenator); dorsal 
transverse processes short, wide, and only slightly inclined; 
cranial and dorsal pleurocoels lacking; more than 60 caudals; 


medial gastral elements shorter than lateral segments; digit I 
the longest in the manus (also in alvarezsaurids); phalanx 1 of 
digit I longer than metacarpal II and wider than the radius; the 
ungual of manual digit I more than two-thirds the length of the 
radius; the cranial portion of the pubic boot absent; an ischium 
less than 66% as long as the pubis (also in maniraptorans); the 
shaft of the ischium slenderer than the pubic shaft (also in 
tyrannosauroids); and the most proximal point of the cranial 
trochanter extending above the proximal margin of the femoral 
head (as in some derived coelurosaurs). 

The manus of Compsognathus was interpreted by Ostrom 
(1978) as being didactyl; subsequent discovery of Sinosauropteryx 
has yielded a new interpretation of the homology of the iso- 
lated manual bones in the specimens of the former comp- 
sognathid, indicating that this clade is tridactyl and possesses 
an apomorphically enlarged pollex (Chen et al. 1998; Currie 
and Chen 2001). Compsognathids also have large olecranon 
processes on their ulnae, although not as hypertrophied as in 
alvarezsaurids. 

The phylogenetic position of Compsognathidae is uncertain. 
Some analyses (Gauthier 1986; Forster et al. 1998; Holtz 1998a; 
Makovicky and Sues 1998) find it to lie within Maniraptora, 
while others (Holtz 1994; Sereno 1999a) find it to be outside 
Maniraptoriformes. Holtz (2001a) found it to be a basal arcto- 
metatarsalian taxon in some trees. In Rauhut (2003) Sino- 
sauropteryx, Compsognathus, and the Santana compsognathid 
were united into the clade Compsognathinae within Coeluri- 
dae, near the base of Coelurosauria. In the present study it is the 
basalmost clade of coelurosaurs. 

Compsognathus longipes is known from two articulated skele- 
tons, one from the Kimmeridgian or basal Tithonian Solnhofen 
Lithographic Limestone of Jachenhausen, in the Reidenberg- 
Kelheim area of Bavaria, Germany (Wagner 1861), and the other 
from the Kimmeridgian limestones near Canjures, near Nice in 
southern France (Bidar et al. 1972). The French specimen was re- 
ferred to its own species, C. corallestris Bidar, Demay, et Thomel, 
1972, by its describers. However, Ostrom (1978) reviewed both 
specimens and concluded that the few anatomical differences 
were due either to allometry or to individual variation. 

Compsognathus is distinguished from Sinosauropteryx primat- 
ily based on proportions: the skull of the former is shorter (sub- 
equal to the femur in length), the cervical ribs are longer, and the 
forelimb is longer (40% of the leg length). Whether these prove 
to be of more than simple allometric significance will be seen as 
the sample size of Sinosauropteryx specimens increases. 

Sinosauropteryx prima has been described on the basis of three 
specimens (fig. 4.23; Jiand Ji 1996; Chen et al. 1998; Currie and 
Chen 2001). All are from the Early Cretaceous (?Barremian) Yix- 
ian Formation of the Sihetun area of Beipiao, Liaoning Province, 
People’s Republic of China. This taxon is distinguished from 
Compsognathus based on proportions: the skull of the Chinese 
form is longer (15% longer than the femur) and the forelimb 
shorter (only 30% of the leg length). Sinosauropteryx is signifi- 
cant as the first nonavian theropod discovered to have indica- 
tions of a filamentous integument (Ji and Ji 1996; Chen et al. 
1998; Currie and Chen 2001). 

Aristosuchus pusillus (Owen, 1876), although not included in 
the phylogenetic analysis here, is also thought to be a compsog- 
nathid due to the similarity in form of the pubis, in particular 
the great size of the pubic boot, to that of Compsognathus (Naish 
1999a; Naish et al. 2001). A. pusillus is presently known from 
the upper Barremian Wessex Formation of the Isle of Wight. The 
confusing taxonomy of this and sympatric small theropods is 
the subject of ongoing study by Naish and others (1999a, 1999b, 
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FIGURE 4.23. Skeletons of Sinosauropteryx prima. Scale = 5 cm. 
(After Currie and Chen 2001.) 


1999c; Naish et al. 2001). Although it is regarded by some au- 
thors (e.g., Ostrom 1970a) as an objective junior synonym of 
Calamospondylus oweni Fox, 1866, Naish (1999a, 1999b) has 
demonstrated that in fact Owen used a second specimen for his 
new taxon Poikilopleuron pusillus Owen, 1876 (later considered to 
be Aristosuchus by Seeley [1887c]). At an estimated length of 2 m, 
Aristosuchus would be the longest known compsognathid. 

Crownward from the compsognathids, a clade composed of 
Nedcolbertia, Scipionyx, and the remaining coelurosaurs is united 
by the loss of the ventral notch on the distal portion of the 
ischial obturator notch (as in carcharodontosaurids); the pres- 
ence of an incisura tibialis occupying more than 66% of the 
medial surface of the proximal tibia; and a proximolateral (fibu- 
lar) condyle of the tibia with conspicuous narrowing between 
the body of the condyle and the main body of the tibia when 
viewed from the articular surface. 

Nedcolbertia justinhoffmani, a small coelurosaur from the Bar- 
remian Yellow Cat Member of the Cedar Mountain Formation 
of eastern Utah, is known from three partial skeletons (Kirkland 
et al. 1998). It is conservative in form. The first manual ungual is 
robust and has a prominent flexor tubercle, while the second 
is slender with a much less developed tubercle. 

Scipionyx samniticus is a small, probably hatchling theropod 
from the Albian Pietraroia Plattenkalk of Benevento Province, 
southern Italy (fig. 4.24; Dal Sasso and Signore 1998). Most of 
the skull, the axial skeleton through the ninth caudal, the fore- 
limbs, the pelvis, and the proximal parts of the hindlimb are 
preserved. Intriguingly, parts of the alimentary canal are miner- 
alized in the specimen (Dal Sasso and Signore 1998); however, it 
has not yet been shown that this is in fact mineralized soft tissue 
rather than a cololite. Dal Sasso and Signore (1998) diagnosed 
this taxon from other coelurosaurs by the presence of an acces- 
sory transverse postorbital ridge at the frontoparietal contact. 
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FIGURE 4.24. Skeleton of Scipionyx samniticus. Left-side elements are in parentheses. Scale = 2 cm. (After Dal Sasso and Signore 
1998.) 


It was originally described as a maniraptoriform of uncertain 
relationship (Dal Sasso and Signore 1998), but Holtz (1998a, 
2001a) has found it to be a coelurosaur outside of Maniraptori- 
formes or a primitive maniraptoran. In the present study the 
additional position of a primitive arctometatarsalian was also 
uncovered. At present it is difficult to determine whether the 
generally plesiomorphic condition of the dinosaur is due to a 
primitive position in the coelurosaur tree or to the early onto- 
genetic stage of the individual. 

The remaining coelurosaurs divide into two clades. One of 
these is the diverse assemblage Tyrannoraptora (tyrannosauroids, 
ornithomimosauts, Coelurus, and maniraptorans); the other isa 
clade of generalized coelurosaurs comprising Proceratosaurus, 
Ornitholestes, and Nqwebasaurus. This latter group is united by a 
rostral ramus of the maxilla rostrocaudally as long as or longer 
than dorsoventrally (also present in many basal noncoelurosaur 
tetanurans); cervical prezygapophyses flexed; the combined 
length of the humerus and radius greater than the length of the 
femur; the medial side of metacarpal II expanded proximally 
(reversal of the basal coelurosaurian condition); and the caudal 
projection of the pubic boot a round knob (another reversal). 
However, as the postcranium of Proceratosaurus and most of the 
cranium of Nqwebasaurus are unknown, this clade is not well 
supported, and future studies will likely find alternative posi- 
tions for the various component taxa. 

The “ornitholestian” clade + Tyrannoraptora share the fol- 
lowing synapomorphies: loss of contribution of the nasals to 
the antorbital cavity; the caudals numbering 44 or fewer; “L”- 
shaped hemal arches (a subvertical proximal portion, a dramatic 
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bend, and a caudally directed distal portion) present in the dis- 
tal third of the tail; hatchet-shaped hemal arches present in the 
proximal third of tail; loss of the notch on the dorsal margin of 
the scapulocoracoid between the acromial process and the cora- 
coid; the pubic peduncle of the ilium craniocaudally elongate 
and narrow (also in some carnosaurs); the ischial foot absent 
(reversed in ornithomimosaurs). 

Ornitholestes hermanni, one of the most complete small thero- 
pods from the Kimmeridgian Morrison Formation of Wyoming, 
is presently known only from a single specimen (Osborn 1903). 
A manus previously referred to the taxon (Osborn 1916; Ostrom 
1969a; Gauthier 1986) has since been transferred to Coelurus by 
Miles et al. (1998) based on new material of the latter taxon. 

Osborn (1916), Ostrom (1980a), and Paul (1988b) previously 
reviewed this specimen, and a new, more thorough description 
of the material is in progress. Paul (1988b) diagnosed this thero- 
pod by a short oral margin of the premaxilla; a possible horn or 
crest formed by the premaxilla and the nasal; heterodonty of 
the dentition (premaxillary teeth conical with serrations reduced 
or absent, maxillary and dentary teeth ziphodont with serra- 
tions); and a dentary tooth row shorter than the maxillary row. 

Previous phylogenetic studies have placed this taxon as either 
a primitive maniraptoran (Gauthier 1986; Makovicky and Sues 
1998) or a coelurosaur outside Maniraptoriformes (Holtz 1994; 
Sereno et al. 1996; Sereno 1999a; Rauhut 2002); Holtz (2001a) 
and the present study recovered both possible positions in the 
most parsimonious trees. 

Proceratosaurus bradleyi is known only from a single incom- 
plete skull (with both jaws, but missing the skull roof) from the 


FIGURE 4.25. Skeleton of Nqwebasaurus thwazi. Scale = 5 cm. (After de Klerk et al. 2000.) 


Bathonian Great Oolite of Gloucestershire, England (Wood- 
ward 1910). Originally placed in Megalosaurus, it was transferred 
to anew genus by Huene (1926a). Although the dorsal portion 
of the skull is missing, enough remains to indicate that some 
form of medial crest sat on the nasals above the nares; Zhao and 
Currie (1993) speculate that this might not have been restricted 
to the narial region (as in Ceratosaurus) but instead may have ex- 
tended farther back (as in Monolophosaurus). The skull is lightly 
built, and the premaxillary and mesial dentary teeth are dis- 
tinctly smaller than the more distal teeth of both jaws. The phy- 
logenies of Holtz (1998a) and Rauhut (2003) found Procerato- 
saurus to be the basalmost coelurosaur. Paul (1988a) argued that 
P. bradleyi was the sister taxon to Ornitholestes hermanni. Such a 
position was found in Holtz (2001a) and in the present study, 
supported by the shared presence of a large rostral ramus of the 
maxilla (lost in other coelurosaurs and presumably reversed in 
these taxa if they are maniraptoriforms), a median crest, and 
squamosal constriction of the infratemporal fenestra (also in 
various carnosaurs). 

Nqwebasaurus thwazi is known only from a partial skeleton 
from the Berriasian-Valanginian Kirkwood Formation, Algoa 
Basin, Eastern Cape Province, South Africa (fig. 4.25; de Klerk et 
al. 2000). This small, probably juvenile theropod possesses an 
enlarged phalanx 1 of digit I, reminiscent of compsognathids 
and alvarezsaurids; however, it lacks the large pubic boot found 
in Compsognathus and Aristosuchus. It is also characterized by 
having a ginglymus of metacarpal I that is robust and asymmet- 
rical, with hypertrophied articular surfaces and a greatly enlarged 
lateral condyle; phalanx 1 of digit I mediolaterally compressed; 
a fibular shaft reduced distally to a splint; and metatarsal IV re- 
duced in width to approximately half that of metatarsal III. 
Sereno (2001) has suggested that this taxon is allied with a clade 
composed of alvarezsaurids and ornithomimosaurs; the enlarged 
size of manual digit I also suggests a compsognathid affinity. 

The remaining theropods of this analysis constitute a clade 
fulfilling Sereno’s (1999a) definition of Tyrannoraptora (i.e., 
Tyrannosaurus rex, modern birds, their most recent common 
ancestor, and all of its descendants). 

Tyrannoraptora is defined as Tyrannosaurus rex, Passer domes- 
ticus, their most recent common ancestor, and all of its descen- 
dants (Sereno 1999a). In this analysis Tyrannoraptora is united 
on the basis of the following derived features: the medial alae 
from the maxillae meeting in front of the vomers; the maxillae 
oriented subparallel to each other (rather than acutely angled) 


in dorsal view (convergent with carcharodontosaurids and spino- 
saurids); the prefrontal excluded from the rostral rim of the 
orbit in lateral view, being displaced caudally and/or medially, 
and the ventral process absent; the ectopterygoid excavated by 
a foramen leading from the medial side laterally into the body 
of the ectopterygoid; the basipterygoid process significantly elon- 
gate rostrocaudally (longer than wide); the caudal end of the 
dentary straight or only slightly forked (convergent with derived 
allosauroids); the internal mandibular fenestra reduced to a nar- 
row slit or absent; the cranial projection of the pubic boot end- 
ing in a tapered point; an ischial obturator notch with divergent 
sides; the bracing for the ascending process of the astragalus 
on the cranial side of the distal tibia flat; the ascending process of 
the astragalus offset from the astragalar body by a pronounced 
groove; the calcaneum distal articular width 10% of the maxi- 
mum transverse width of the astragalus; the metatarsal cross 
section deeper craniocaudally than mediolaterally at midshaft; 
and the dorsal surface area of metatarsal III clearly smaller than 
those of metatarsals II and IV. 

Most of the tyrannoraptoran component taxa are dealt with 
in their own chapters. However, one included in this analysis— 
Coelurus—was not found to be a tyrannosauroid, an ornithomi- 
mosaur, an oviraptorosaur, a therizinosauroid, an alvarezsaurid, 
a troodontid, a dromaeosaurid, or an avialan. 

Coelurus fragilis, a small theropod from the Kimmeridgian 
Morrison Formation of Wyoming (Marsh 1879c), also includes 
material Marsh (1884a) previously placed in the separate species 
C. agilis. Gilmore (1920) and Ostrom (1980a) reviewed Marsh’s 
specimens, while Miles et al. (1998) have reported a new, larger, 
and more complete skeleton of this taxon. The latter authors 
consider a manus previously referred to Ornitholestes (cf. Osborn 
1916; Ostrom 1969a; Gauthier 1986) to Coelurus. Coelurus has 
well-developed pleurocoels in the cervical and dorsal centra, 
and its cervicals possess diapophyseal shelves that are broad and 
curved. The manus indicates the retention of a greatly reduced 
metacarpal IV, otherwise unknown among coelurosaurs. 

The phylogenetic position of Coelurus is uncertain, due at 
least in part to the fragmentary nature of the known fossils. In 
some analyses (Gauthier 1986; Makovicky and Sues 1998) it is 
a maniraptoran, closer to birds than are ornithomimosaurs. In 
others (Holtz 1998a; Rauhut 2003) it is outside Maniraptori- 
formes (the clade comprised of ornithomimosaurs and manirap- 
torans), as it is in this study. Coelurus is united with the mani- 
raptoriforms by a scar for the interspinous ligaments terminating 
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below the apex of the spinous processes of the dorsal vertebrae; 
sacral centra 3-5 dorsoventrally flattened; and manual unguals 
bladelike, more than three times as long as wide (the latter shared 
only with Maniraptora, not Ornithomimosauria). 

The following coelurosaur taxa were not included in the 
present analysis. At least some of them do not belong to any of 
the main coelurosaur clades (compsognathids, tyrannosauroids, 
ornithomimosaurs, oviraptorosaurs, therizinosauroids, alvarez- 
saurids, troodontids, dromaeosaurids, or avialans). 

Archaeornithoides deinosauriscus is represented only by a skull 
fragment of a tiny, possibly hatchling theropod from the Dja- 
dokhta Formation, Bayan Dzag locality, Mongolia (Elzanowski 
and Wellnhofer 1992). Like maniraptoriform coelurosaurs, this 
taxon possesses a substantial secondary palate. It lacks inter- 
dental plates, and the teeth are set in a paradental groove, both 
features found in troodontids. These teeth lack serrations, a 
condition also found in some troodontids. This specimen was 
previously considered an aublysodontine tyrannosaurid (Paul 
1988a) and a possible member of a novel clade of theropods 
also composed of spinosaurids and troodontids (Elzanowski 
and Wellnhofer 1993). It may be a maniraptoriform, possibly a 
troodontid; its differences from the known members of the lat- 
ter clade may be ontogenetic rather than phylogenetic. 

Deltadromeus agilis is known from a partial skeleton from the 
Cenomanian Kem Kem beds of Morocco (Sereno et al. 1996); 
referred material comes from the coeval Baharija Formation of 
Egypt. Although incompletely known, this gracile taxon has 
been found to be a coelurosaur close to but probably outside of 
Maniraptoriformes in some analyses (Sereno et al. 1996; Holtz 
1998a; Sereno 1999a); as the sister group to ornithomimosaurs 
in others (Rauhut 2003); and as an abelisaurid in still others 
(Carrano and Sampson 1999). The latter workers have reidenti- 
fied some of the bones of Deltadromeus; for example, they con- 
sider the bone initially considered the distal pubis to be a distal is- 
chium. It is true that this dinosaur does share some features with 
Elaphrosaurus and coelophysoids (e.g., a “dumbbell-shaped” 
proximal articular surface of metatarsal III, where the cranial and 
especially the plantar margins are expanded to slightly over- 
lap the surfaces of metatarsals II and IV). Sereno et al. (1996) di- 
agnose this theropod by proximal caudal vertebrae with broad 
quadrangular spinous processes; a coracoid and an acromion 
broadly expanded craniocaudally; a coracoid with a shallow 
notch in the cranial margin; an ischial midshaft dorsoventrally 
compressed; a femur with an accessory trochanter on the distal 
shaft; and the femoral distal medial condyle reduced. 

Kakuru kujani, from the Aptian Maree Formation, Anda- 
mooka, South Australia, is known only from a single distal half 
of a right tibia and a crushed theropod pedal phalanx, both of 
which were opalized (Molnar and Pledge 1980). The facet for the 
ascending process is tall, resembling that of the oviraptorosaur 
Avimimus portentosus (Kurzanov 1981, 1987). 

Ricardoestesia gilmorei is based on a pair of partial dentaries 
from the Dinosaur Park Formation (Campanian) of Alberta, 
Canada (Currie et al. 1990). Gilmore (1924a) considered these 
dentaries to be from Chirostenotes gracilis, a taxon now known 
as an edentulous caenagnathid oviraptorosaur (Sues 1997). The 
jaws are slender and have little mediolateral curvature. The ros- 
tral teeth are straight and have a convex caudal outline in lateral 
view for at least the distal half of the tooth; the caudal teeth are 
short and curved. A second species, R. isosceles Sankey, 2001, was 
originally named based on isolated teeth from the Aguja For- 
mation of Texas but were recently reported from the Judith River 
Group of Alberta (Sankey et al. 2002). Isolated teeth of the same 
form as Ricarodestesia are reported throughout the later Meso- 
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zoic and especially in the Late Cretaceous of the North Ameri- 
can West (Weishampel et al., this vol.). Curiously, although the 
teeth of this taxon are common, skeletal material other than 
jaws cannot yet be assigned to Ricardoestesia. If all the teeth cur- 
rently referred to Ricardoestesia represent the remains of a clade 
outside of all other theropods, this was apparently a group with 
a substantial stratigraphic range. 

Shanyangosaurus niupanggouensis is a small coelurosaur (esti- 
mated length 2 m) from the mid- to late Maastrichtian Shanyang 
Formation of Shaanxi, China (Xue et al. 1996). Its metatarsals 
do not show the arctometatarsalian structure, the femoral head 
is elevated, and the acromion of the scapula is low, a combina- 
tion of features found in oviraptorosaurs. However, until further 
study this taxon will remain Coelurosauria incertae sedis. 

Tugulusaurus faciles is based on a set of partial postcranial 
remains from the Lianmugin Formation (Early Cretaceous) of 
Xinjiang, People’s Republic of China (Dong 1973). Caudal ver- 
tebrae, a radius, and partial hindlimbs are all that is known of 
the taxon. The form of the astragalus is consistent with this 
species as a coelurosaur, but the material is otherwise insuffi- 
cient to currently place it more precisely. 

Several taxa lie within Avetheropoda, but their affinities with 
either Carnosauria or Coelurosauria are difficult to evaluate. 
Such taxa include the following: 

Bahariasaurus ingens is based on two dorsal vertebrae, a neu- 
ral arch, three sacral vertebrae, a fragment of a rib, pubes, and 
the proximal portion of one ischium from the Cenomanian 
Baharija Formation of Egypt (Stromer 1934b). Some additional 
material previously referred to this taxon from the original lo- 
cality and elsewhere in northern Africa is probably more cor- 
rectly assigned to the basal coelurosaur Deltadromeus agilis or 
to the allosauroid Carcharodontosaurus saharicus (Sereno et al. 
1996). Rauhut (1995) assigned Bahariasaurus to Carcharodonto- 
sauridae with Carcharodontosaurus on the basis of the shared 
presence of “pleurocoels” (in fact lateral depressions lacking 
true pneumatopores) in the caudal centra. However, as the orig- 
inal material of Bahariasaurus lacks caudal vertebrae, it cannot 
be established whether the “Bahariasaurus” specimens in ques- 
tion were not in fact Carcharodontosaurus vertebrae. The presence 
of an obturator process in the ischium supports an avetheropod 
position for this taxon; the presence of an obturator notch in 
the pubes (as in coelurosaurs, carcharodontosaurids, and allo- 
saurids) and of pubic shafts conjoined only in the middle sec- 
tion of their length (as in allosauroids; in Coelurus the middle 
section is conjoined, as is the boot) suggests that Bahariasaurus 
is either an allosauroid or a coelurosaur. As there are already 
known members of both clades recovered from the same deposits 
as Bahariasaurus, additional material may reveal whether this 
genus is the junior synonym of Carcharodontosaurus, the senior 
synonym of Deltadromeus, or indeed a valid taxon on its own. 

Gasosaurus constructus is from the Lower Shaximiao Forma- 
tion (Middle Jurassic) of Dashanpu Quarry at Zigong, China 
(Dong et Tong, 1985). Although only a single specimen was 
originally described, additional uncovered material, to date 
undescribed, should allow a more detailed description of this 
taxon. 

G. constructus possesses platycoelous cervicals. Its femoral 
head extends more medially than in other theropods (perhaps 
a pathological or postmortem distortion), and the cranial tro- 
chanter rises well above the proximal end of the shaft to leave a 
sulcus between it and the femoral head. The ilium is short with 
a strongly arched dorsal margin. 

Holtz (1998a) found Gasosaurus to be a basal coelurosaur 
in his most parsimonious trees. However, additional material 


suggests instead that it is a primitive carnosaur (Currie, pers. 
obs.). This taxon is close anatomically to the ancestral avethero- 
pod position. 

Marshosaurus bicentesimus, known from the Kimmeridgian 
Morrison Formation of Utah, is known from an ilium and vari- 
ous other referred elements (Madsen 1976b). The ilium has dis- 
tinctive shallow excavations in the articular face of the pubic 
peduncle. The referred maxilla has both the promaxillary and 
the maxillary fenestra, as in many carnosaurs and coelurosaurs. 
The ilium has a fossa for M. iliofemoralis internus (“M. cuppedi- 
cus” of Rowe 1986) over most of the pubic peduncle, as in many 
coelurosaurs. In the analysis presented here, Marshosaurus was 
found, with only slight support, to be a basal coelurosaur; how- 
ever, Chure et al. (1997) consider this taxon to be a primitive 
carnosaur based on a new, as yet undescribed, specimen. 

Ozraptor subotaii is known only from the distal end of the 
tibia from the Bajocian Colalura Sandstone of Western Australia 
(Long and Molnar 1998). It is diagnosed by an angular oblong 
shape of the astragalar condyles. Based on the cranial (rather 
than craniodistal) orientation of these condyles Ozraptor is an 
avetheropod. 

Quilmesaurus curriei, based on a distal right femur and 
complete right tibia of a medium-sized theropod from the 
Campanian-Maastrichtian Allen Formation, Rio Negro Province, 
Argentina (Coria 2001), has yet to be subjected to a phylogenetic 
analysis. The femur has a well-developed medial crest, which 
suggests that it is a ceratosaur, as does the well-developed and 
cranially (rather than craniomedially) directed cnemial crest; 
however, the shape of the notch on the distal articular surface 
of the tibia is reminiscent of that in Giganotosaurus. 

Valdoraptor oweni, originally considered to belong to the 
ankylosaur Hylaeosaurus (Owen 1858), is based on a partial left 
metatarsus from the Upper Wealden of Cuckfield, West Sussex, 
England. It was recognized as belonging to a theropod by Hulke 
(1881), and later Lydekker (1889e) placed it in its own species, 
Megalosaurus oweni. Additional metatarsals were referred to 
M. oweni by Lydekker (1890c). Olshevsky (1991) recognized that 
this specimen was not referable to the more robust Middle 
Jurassic Megalosaurus and proposed the new name Valdoraptor. 
Metatarsal III has a slight wedge shape, suggesting that it is 
avetheropodan; however, whether this is from a carnosaut (e.g., 
the carcharodontosaurid Neovenator, from the roughly contem- 
poraneous Wessex Formation of the Isle of Wight) or from a 
medium-sized coelurosaur (e.g., the Wessex Formation basal 
tyrannosauroid Eotyrannus) has not yet been demonstrated. 


Paleobiogeography, Paleobiology, and Paleoecology 


Basal tetanurans are represented on every continent. The prob- 
able primitive carnosaur Cryolophosaurus and a possible mega- 
losaurid distal theropod tibia (Molnar et al. 1996) represent the 
only nonavialan theropods so far described from Antarctica. 
Among the various subgroups, megalosaurids are found in Gond- 
wana (Piatnitzkysaurus, Afrovenator, the aforementioned Antarc- 
tic tibia), North America (Torvosaurus), and Europe (Megalosaurus, 
Poekilopleuron, Eustreptospondylus, “Poekilopleuron” valesdunensis, 
and possibly Torvosaurus) and may prove to have been more 
broadly distributed if numerous fragmentary skeletal and ich- 
nological remains prove to come from this clade. In contrast, 
their sister group, Spinosauridae, has a much more restricted 
range. Presently this clade is confirmed only from the Early Cre- 
taceous and early Late Cretaceous of Europe and tropical Gond- 
wana (Brazil, northern Africa); remains of this clade have not 


been reported in contemporaneous well-studied assemblages 
from southern South America or North America, for instance. 
Carnosaurs have yet to be described with certainty from the 
Jurassic of Gondwana, but they are common components of 
Middle and Late Jurassic assemblages in North America, Europe, 
and Asia. In fact, the species Allosaurus fragilis is reported from 
both western North America and Portugal (Pérez-Moreno et al. 
1999). At present sinraptorids are restricted to the Middle and 
Late Jurassic of China, although Bakker et al. (1992) reported a 
possible related form in the early Late Jurassic of England. Car- 
charodontosaurids represent a Cretaceous radiation of carno- 
saurs found in Europe, North America, South America, and 
northern Africa; the two Gondwanan taxa Giganotosaurus and 
Carcharodontosaurus may be sister taxa and have a comparable 
distribution to the derived spinosaurines Irritator and Spino- 
saurus. Basal coelurosauts are reported from many deposits from 
the Jurassic and Cretaceous, but many of these specimens are 
problematic, and some may in fact be from small ceratosaurs 
related to taxa such as Noasaurus and Masiakasaurus rather than 
members of Coelurosauria. 

The ziphodont tooth condition found in most basal tetanu- 
rans attests to a carnivorous diet. In many Jurassic and Creta- 
ceous faunal assemblages large tetanurans are the only known 
sizable carnivores and by inference were the top predators of 
these environments. Gut contents are known for only a few 
specimens, the spinosaurid Baryonyx and the compsognathids 
Compsognathus and Sinosauropteryx. The original specimen of 
Compsognathus contains the remains of a lepidosaur, Bavari- 
saurus cf. macrodactylus (Ostrom 1978), while one specimen of 
Sinosauropteryx has bones of a small mammal in the abdominal 
cavity (Chen et al. 1998; Currie and Chen 2001). 

Direct evidence for predation of the larger taxa on other 
dinosaurs is not currently documented, although a trackway 
from Paluxy, Texas, records a possible attack of Acrocanthosaurus 
or an allied form on a large sauropod (Thomas and Farlow 1997; 
Farlow 2001). Feeding traces by large Morrison theropods on 
bones of prey items have been reported (Bakker 1997; Chure et 
al. 2000). In the former case the bite marks are referred to allo- 
saurids and are on Camarasaurus and Torvosaurus remains; in the 
latter case the marks are on Allosaurus bones, and the feeder is in- 
terpreted as either Torvosaurus or the large ceratosaur Cerato- 
saurus. Additionally, footprints preserved on the bedding plane 
of the Howe Quarry, Morrison Formation, Wyoming, suggest 
that a large theropod was scavenging on the numerous sauropod 
and Camptosaurus remains preserved there (Lockley et al. 1998e). 

The powerfully built though often short forelimbs of many 
larger tetanurans may have served in prey acquisition and han- 
dling (Holtz 2002). Finite element analysis (Rayfield et al. 2001) 
of a nearly complete skull of Allosaurus fragilis suggests that the 
bite force of this dinosaur (and, by inference, of many other 
basal tetanurans with similar skull design, such as other carno- 
saurs and megalosaurids) was weak compared with those calcu- 
lated for tyrannosaurids and various extant predators. They also 
note that higher forces could be withstood when the lower jaw 
was not employed. These authors suggested that Allosaurus may 
have fed by striking a hatchetlike blow with the upper jaws and 
then employing the mandible to tear off a section of meat. 
Bakker (1998a) suggested a similar strategy based on the gross 
morphology of the skull. 

The members of Spinosauridae are highly apomorphic in 
their feeding apparatus. The teeth are conical rather than zipho- 
dont, and the most mesial teeth are greatly enlarged and arranged 
to form a terminal rosette. Given the morphological similarities 
to large crocodilians, Charig and Milner (1986, 1997) suggest a 
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piscivorous diet, at least in part, for spinosaurids, a speculation 
supported by Paul (1988a), Sereno et al. (1998), and Holtz (2002). 
As Charig and Milner (1997) reported, Baryonyx walkeri contains 
within its abdominal cavity the remains of acid-etched fish scales 
(Lepidotes), as well as fragments of a juvenile Iguanodon. Paul 
(1988a), Charig and Milner (1997), and Holtz (1998b, 2002) specu- 
late a possible Crocodylus niloticus-like diet, combining both large 
fish and terrestrial tetrapods. As Holtz (1998b, 2002) suggests, the 
ability to hunt large fish (known to occur sympatrically with all 
named spinosaurid taxa) might have allowed spinosaurids access 
to a food source outside that of most large theropods, while their 
terrestrial mobility would have allowed them to move from pond 
to pond with greater ease than large contemporaneous croco- 
dyliforms, such as Sarcosuchus (Sereno et al. 2001). 

There is at present little evidence for gregarious behavior 
in most basal tetanuran taxa. Almost all specimens are found as 
single individuals. One important exception is the Cleveland- 
Lloyd Dinosaur Quarry in Emery County, Utah, within the Mor- 
rison Formation, where remains of more than 40 individuals 
of Allosaurus are preserved together (Madsen 1976a; Bilbey 1998). 
Whether this assemblage is attritional or catastrophic has not 
been resolved, but Bilbey (1998) demonstrated that the speci- 
mens were all rapidly buried: if they were buried as a group, this 
would suggest at least occasional group associations of Allo- 
saurus. Currie and colleagues are presently studying a site with 
the occurrence of at least six individuals of an unnamed car- 
charodontosaurid from the Huincul Member of the Rio Limay 
Formation (Cenomanian) of Argentina; sedimentological evi- 
dence supports this as representing a single, mass-mortality 
assemblage (Eberth et al. 2000), implying a life association of 
multiple individuals of extremely large-bodied theropods. Tanke 
and Currie (2000) report numerous face-bite marks on specimens 
of Sinraptor dongi and attribute these wounds to other members 
of the same species. These authors report similar lesions on the 
dentary of Monolophosaurus and Carcharodontosaurus, which 
suggests that agonistic behavior may have been common among 
large tetanurans. Hanna (2002) and Chure (in press) document 
numerous pathologies on two different extremely well-preserved 
specimens of Allosaurus and many more incomplete specimens, 
although whether these were the results of interactions with 
members of the same species, other species, or the nonliving 
environment is not certain. 

Possible evidence for nonviolent intraspecific interactions 
among basal tetanurans can be found in various potential dis- 
play devices. The cranial ridges of many carnosaurs (especially 
the lacrimal cornual processes of Allosaurus, the transversely 
oriented crest of Cryolophosaurus, and the immense hollow mid- 
line crest of Monolophosaurus) are likely candidates for such dis- 
play structures, as are the elongate spinous processes of many 
basal tetanurans. The extreme development of the latter is 
found in Spinosaurus aegyptiacus. Alternatively, these structures 
have been interpreted as heat-exchange devices or support fora 
fatty hump (Bailey 1997), although not all these possibilities are 
mutually exclusive. (It should be noted that Bailey [1997] asserts 
that because the spinous processes of Spinosaurus are more like 
those of hump-backed mammals such as Bison rather than sail- 
backed basal synapsids such as Dimetrodon in being cranio- 
caudally elongate, flattened elements rather than thin cylin- 
ders. However, the basal theropod condition for the dorsal 
spinous process is a rectangular rather than cylindrical form, 
and thus the condition in Spinosaurus simply represents a dorsal 
exaggeration of the ancestral condition.) 
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In many assemblages, several different large-bodied tetanuran 
carnivores live sympatrically. For example, the Morrison For- 
mation contains Allosaurus, Torvosaurus, and Ceratosaurus (and 
Edmarka and Saurophaganax, if these taxa are distinct from Torvo- 
saurus and Allosaurus, respectively) among forms of 1 tonne or 
more estimated mass and numerous smaller theropods (Elaphro- 
saurus, Marshosaurus, Ornitholestes, Stokesosaurus, Coelurus, Kopar- 
ion [Foster et al. 2001]); a similar assemblage of large forms is 
recorded in contemporaneous Portugal (Weishampel et al., this 
vol.). In the Wessex Formation (Barremian) of the Isle of Wight 
the spinosaurid Baryonyx, the carnosaur Neovenator, and the 
basal tyrannosauroid Eotyrannus are preserved together (Naish 
et al. 2001). In the Baharija and equivalent Cenomanian beds of 
northern Africa, Carcharodontosaurus, Spinosaurus, Bahariasaurus, 
and Deltadromeus (and Sigilmassasaurus, if this form is distinct 
from the others) are all found in the same deposits; all these 
theropods may have reached 2 tonnes or more. This contrasts 
with the Late Cretaceous of the North American West and of 
eastern and central Asia, where tyrannosaurids are the sole large 
theropods known (Foster et al. 2001). 

The ability to sustain a single giant carnivore taxon in a ter- 
restrial community is an ecologically complex situation (Farlow 
1993); the observation that usual Jurassic and Early Cretaceous 
assemblages had multiple such taxa is even more problematic, 
as it compounds the difficulties of finding sufficient food re- 
sources (in this situation shared across multiple taxa) while main- 
taining a sufficiently high population density of each species to 
allow mating. Bakker (1998a, 1998b) and Henderson (2000) sug- 
gest niche partitioning in terms of prey items or feeding behav- 
ior among the various large theropods of the Upper Jurassic 
Morrison Formation of the American West (Allosaurus, Torvo- 
saurus, and Ceratosaurus), and Holtz (1998b, 2002) suggested 
that the probable ability of spinosaurids to catch large fish 
would have allowed it to obtain food resources not accessible to 
large theropods. Alternatively, Paul (1988a, 1998) offered the 
hypothesis, based on observations of predation by Pseudorca on 
Physter, the much smaller false killer whales taking chunks of 
meat from sperm whales without killing the larger cetaceans, 
that large theropods in the Morrison may have been “flesh 
grazers” (although he did not employ this term). In this novel 
hypothesis, theropods could take bites from the sides of living 
sauropods sufficient to sustain the predator without having to 
expend the effort to kill the prey, presumably allowing the 
herbivore to recover as a later potential food source for the same 
or other theropods. 

Taphonomically, basal tetanurans come from a variety of 
depositional regimes. The best-preserved small specimens come 
from lithographic limestones (Ostrom 1978; Dal Sasso and Sig- 
nore 1998) or volcanoclastic sediments (Chen et al. 1998; Currie 
and Chen 2001). Larger taxa have been found in fluviolacustrine 
deposits (e.g., the Morrison and Wessex formations), coastal 
units (e.g., the Bajariya Formation), and even marine units (in- 
cluding many of the Middle Jurassic European fossils). 

Basal tetanurans lived in a number of paleoenvironmental 
conditions. Some, such as those preserved in the Morrison 
(Dodson et al. 1980; Demko and Parrish 1998) and the Wessex 
(Allen 1998), were in seasonally arid coastal plains. Others, such 
as those preserved in the Baharija Formation, lived in tropical 
mangrove environments. Among the taxa discussed here, none 
were recovered from desert environments (such as are recorded in 
the Lower Jurassic Navajo or the Upper Cretaceous Djadokhta 
Formation). 
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Tyrannosauroids are among the most distinctive and best known 
of Mesozoic theropods (table 5.1). They are characterized by 
large skulls with a specialized, heterodont dentition, a derived 
squamosal-quadratojugal flange, and a highly pneumatic basi- 
cranium; greatly reduced forelimbs (both in size and in digit 
count); and elongate hindlimbs bearing a pinched third meta- 
tarsal (arctometatarsus). 

In recent years new discoveries and the use of modern phylo- 
genetic analytical techniques have revealed the presence of taxa 
outside Tyrannosauridae sensu stricto but closer to this clade than 
to all other theropod groups. These include the newly described 
Early Cretaceous Eotyrannus lengi (Hutt et al. 2001; Naish et al. 
2001), the Late Jurassic Stokesosaurus (Madsen 1974; Foster and 
Chure 2000; Rauhut 2000a), and the Late Cretaceous Drypto- 
saurus aquilunguis (Cope 1866; Carpenter et al. 1997; Carr et al., 
in press). The latter is historically significant, for it was the taxon 
that revealed that carnivorous dinosaurs were obligate bipeds 
rather than quadrupeds (Cope 1866). Together with Tyranno- 
sauridae, these aforementioned taxa are members of Tyranno- 
sauroidea, a clade of basal coelurosaurs. As recognized here there 
are at least six, and possibly nine, genera within Tyrannosauri- 
dae, as well as three genera for which a basal tyrannosauroid po- 
sition is well supported. Based on more questionable evidence, 
basal tyrannosauroids may be additional taxa. 

Whereas most other taxa of large-bodied theropods (abeli- 
saurids, spinosauroids, carnosaurs) are represented by only a 
few, often incomplete skeletons, several species of tyranno- 
saurids are represented by multiple complete skulls and post- 
crania (Tyrannosaurus rex, Tarbosaurus bataar, Daspletosaurus 
torosus, Albertosaurus sarcophagus, and Gorgosaurus libratus) of 
various ontogenetic stages. Among multi-tonne theropods 
only Allosaurus fragilis is better represented in the fossil record. 
Furthermore, tyrannosaurids are characterized by copious 
synapomorphies relative to other well-known theropod clades; 
basal tyrannosauroids reveal some of the sequence of acquisi- 
tion of these features. 

Diagnostic skeletal material for Tyrannosauridae is at pres- 
ent limited to the last part of the Late Cretaceous (Campanian 
and Maastrichtian) of eastern and central Asia (China and Mon- 
golia) and North America; the more inclusive Tyrannosauroidea 
includes taxa from the Late Jurassic of Europe and North Amer- 
ica and the Early Cretaceous of Europe and Asia (and possibly 


South America). Abundant bones of tyrannosauroids (likely 
tyrannosaurids) are present throughout the Late Cretaceous of 
western North America and eastern and central Asia (Weisham- 
pel et al., this vol.); however, due to their incompleteness they 
cannot be definitively referred to Tyrannosauridae as that taxon 
is defined here. The oldest confirmed tyrannosautoid is Stokeso- 
saurus from the Kimmeridgian of the western United States (the 
same taxon or a related form is present in deposits of the same 
age in Portugal [Rauhut 2000b]). Based on phylogenetic infer- 
ence, however, if Eshanosaurus from the Hettangian of China 
(Xu et al. 2001a) proves to be a member of Therizinosauroidea 
(implying a split between tyrannosauroids and maniraptori- 
forms, including therizinosauroids, had already occurred by the 
Early Jurassic), then tyrannosauroids were present from the Early 
Jurassic. The latest Maastrichtian western North American Ty- 
rannosaurus rex (and Nanotyrannus lancensis, if it is a distinct 
taxon) is the latest-known tyrannosaurid and among the latest- 
known nonavian theropods. 

Tyrannosauroids make up the sole large-bodied carnivorous 
theropods known from the Campanian-Maastrichtian of cen- 
tral and eastern Asia and North America; presumably these taxa 
were the top predators of those communities. Before that, how- 
ever, tyrannosauroids were of only moderate body size and lived 
in faunas in which ceratosaurs, spinosauroids, and/or carno- 
saurs represented the largest carnivorous theropods (Foster et al. 
2001; Farlow and Holtz 2002). 

Tyrannosaurids include some of the largest known theropod 
taxa (up to 13 m long and weighing six or more tonnes). The five 
most completely known species (Tyrannosaurus rex, Tarbosaurus 
bataar, Daspletosaurus torosus, Albertosaurus sarcophagus, and Gor- 
gosaurus libratus) are all represented by individuals with femora 
more than 100 cm in length, reaching 138 cm in the largest 
Tyrannosaurus rex (Brochu 2002). The basal tyrannosauroid 
Dryptosaurus does not reach this size, but with a femoral length 
of more than 77 cm it was still a large-bodied theropod (Car- 
penter et al. 1997). Skulls exceeding 1 m in length are known 
for Tyrannosaurus, Tarbosaurus, and Daspletosaurus torosus; the 
premaxilla-occipital condyle length of the largest T. rex skull 
(153 cm) exceeds the same measurement of the skull of Giganoto- 
saurus (148 cm). However, despite being among the largest 
known theropods, tyrannosaurids are also characterized by pro- 
portionately elongate and slender hindlimbs. Tyrannosaurids 
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TABLE 5.1 


Tyrannosauroidea 
Occurrence Age Material 
Theropoda Marsh, 1881a 
Tetanurae Gauthier, 1986 
Coelurosauria Huene, 1914a 
Tyrannosauroidea Walker, 1964 
Bagaraatan Osmolska, 1996 
B. ostromi OsmoOlska, 1996 Nemegt Formation early Fragmentary skull and 
(Omnégov’), Mongolia Maastrichtian associated postcranium 
Stokesosaurus Madsen, 1974 
S. clevelandi Madsen, 1974 Morrison Formation Kimmeridgian- _ Ilium, associated elements 
(Utah), United States Tithonian and pelvic cranial material 
Dryptosaurus Marsh, 1877a 
D. aquilunguis (Cope, 1866) (= Laelaps Marshalltown Formation, late Partial skeleton 
aquilunguis Cope, 1866) Mount Laurel Formation, Campanian- 
Navesink Formation (New early 
Jersey), United States Maastrichtian 
Eotyrannus Hutt, Naish, Martill, Barker, 
et Newberry, 2001 
E. lengi Hutt, Naish, Martill, Barker, et Wessex Formation Barremian Partial skull and skeleton 
Newberry, 2001 (Isle of Wight), England 
Tyrannosauridae Osborn, 1905 
Albertosaurinae 
Albertosaurus Osborn, 1905 
A. sarcophagus Osborn, 1905 Horseshoe Canyon late At least 4 partial skulls with 
(including A. arctunguis Parks, 1928a) Formation (Alberta), Campanian- associated postcranial 
Canada; Judith River late skeletons, additional cranial 
Formation (Montana), Maastrichtian and postcranial remains of 
Lance Formation at least 12 individuals 
(Wyoming), United States 
Unnamed tyrannosaurid (Carr, Williamson, Demopolis Chalk middle Partial skull and postcranium 
et Schwimmer, in press) Formation (Alabama), Campanian 
United States 


Gorgosaurus Lambe, 1914c (= ?Deinodon 
Leidy, 1856) 
G. libratus Lambe, 1914c (including 
G. sternbergi Matthew et Brown, 1923; 
Laelaps incrassatus Cope, 1876a; 
?Deinodon horridus Leidy, 1856; ?Laelaps 
falculus Cope, 1876a; ?Laelaps 
hazenianus Cope, 1876b; ?Dryptosaurus 
kenabekides Hay, 1899) 
Tyrannosaurinae Matthew et Brown, 1922 
Daspletosaurus Russell, 1970a 
D. torosus Russell, 1970a 


Unnamed Daspletosaurus species 


Tarbosaurus Maleev, 1955a 
(= Maleevosaurus Carpenter, 1992b; 
?Shanshanosaurus Dong, 1977; 
?Chingkankosaurus Young, 1958a) 


Dinosaur Park Formation 
(Alberta), Canada; Judith 
River Formation 
(Montana), Fruitland 
Formation (Arizona), 
United States 


Oldman Formation, 
Dinosaur Park Formation 
(Alberta), Canada; Upper 
Two Medicine Formation 
(Montana), United States 

Lower Kirtland Formation 
(New Mexico), United 
States 


middle-late 
Campanian 


middle-late 
Campanian 


late Campanian 


At least 12 complete 
or partial skulls, 
many partial skeletons 


At least 7 partial skulls, 
complete skull with 
associated partial 
postcranium, at least 5 
partial skeletons 

Incomplete skull and skeleton, 
additional partial skulls and 
postcrania 


TABLE 5.I (CONTINUED) 


Occurrence Age Material 

T. bataar (Maleev, 1955a) (including Nemegt Svita, White Beds Campanian- At least 15 skulls and 
Tarbosaurus efremovi Maleev, 1955a; of Hermiin Tsav early associated postcranial 
Gorgosaurus lancinator Maleev, 1955a; (Bayankhongor), Nemegt Maastrichtian skeletons representing at 
?Albertosaurus periculosus Riabinin, Formation (Omnégov’), least 30 individuals 
1930b; ?Tyrannosaurus turpanensis Zhai, Mongolia; Subashi 
Zheng, et Tong; 1978; Maleevosaurus Formation (Xinjiang 
novojilovi (Maleev, 1955b); Gorgosaurus Uygur Zizhiqu), unnamed 
novojilovi Maleev, 1955b; Albertosaurus unit (Heilongjiang), 
novojilovi (Maleev, 1955b); Aublysodon Yuanpu Formation 
novojilovi (Maleev, 1955b); Deinodon (Guangdong), Wangshi 
novojilovi (Maleev, 1955b); Group (Shandong), Quiba 
?Shanshanosaurus huoyanshanensis Formation (Henan), 

Dong, 1977; ?Chingkankousaurus People’s Republic of China 
fragilis Young, 1958a; ?Tyrannosaurus 
luanchuanensis Dong, 1979) 

Tyrannosaurus Osborn, 1905 

(= Dynamosaurus Osborn, 1905; 

Tarbosaurus Maleev, 1955a; Maleevosaurus 

Carpenter, 1992b; 7Manospondylus Cope, 

1892a) 

T. rex Osborn, 1905 (= Dynamosaurus Scollard Formation, Willow —?late 4 complete skulls, 5 partial 
imperiosus Osborn, 1905, including Creek Formation (Alberta), Campanian- skulls, skull with associated 
?Manospondylus gigas Cope, 1892a; Frenchman Formation late partial postcrania, 2 partial 
Gorgosaurus lancensis Gilmore, 1946a; (Saskatchewan), Canada; Maastrichtian skulls with complete 
Albertosaurus megagracilis Paul, 1988a; Livingston Formation, postcrania, additional 
Aublysodon molnari Paul, 1988a) Hell Creek Formation material representing at 

(Montana), Hell Creek least 30 individuals 
Formation (South Dakota), 
Hell Creek Formation 
(North Dakota), Ferris 
Formation, Lance 
Formation (Wyoming), 
Laramie Formation, Denver 
Formation (Colorado), 
Javelina Formation (Texas), 
McRae Formation (New 
Mexico), North Horn 
Formation (Utah), 
United States 
Nanotyrannus Bakker, Williams, et Currie, 

1988 (? = Tyrannosaurus Osborn, 1905) 

N. lancensis (Gilmore, 1946a) Hell Creek Formation late Nearly complete skull 
(= Gorgosaurus lancensis Gilmore, 1946a; (Montana), United States Maastrichtian 
? = Tyrannosaurus rex Osborn, 1905) 

Tyrannosauroidea incertae sedis 
Alectrosaurus Gilmore, 1933a 
A. olseni Gilmore, 1933a Iren Dabasu Formation Cenomanian- Skull and associated partial 
(Nei Mongol Zizhiqu), ?Campanian postcrania, fragmentary 
People’s Republic of postcranial skeleton 
China; Bayanshiree Svita 
(Omnégov’), Mongolia 
Alioramus Kurzanov, 1976b 
A. remotus Kurzanov, 1976b Beds of Nogoon Tsav ?Maastrichtian § Fragmentary skull with 
(Bayankhongor), Mongolia associated postcranium 
Unnamed tyrannosaurid Eagle Sandstone (Montana), early Pes 
(= “Ornithomimus” grandis Marsh, United States Campanian 
1890b) 
Possible Tyrannosauroidea 
Unnamed tyrannosauroid 
(= “Chilantaisaurus” maortuensis Dashuigou Formation Albian Partial skull, postcranial 


Hu, 1964) 


(Nei Mongol Zizhiqu), 
People’s Republic of China 


skeleton 


(continued) 


TABLE 5.1 (CONTINUED) 


Occurrence Age Material 
Itemirus Kurzanov, 1976b 
I. medullaris Kurzanov, 1976b Beleuta Svita Turonian- Braincase 
(Nawoiy), Uzbekistan Santonian 
Labocania Molnar, 1974 
L. anomala Molnar, 1974 “La Bocana Roja” Formation ?Campanian Very fragmentary skull 
(Baja California Norte), and postcrania 
Mexico 
Santanaraptor Kellner, 1999 
S. placidus Kellner, 1999 Santana Formation (Ceara), ?Albian Partial postcranium 
Brazil 
Nomina dubia Material 
Aublysodon amplus Marsh, 1892 Tooth 
Aublysodon cristatus Marsh, 1892 Tooth 
Aublysodon lateralis Cope, 1876a Teeth 
Aublysodon mirandus Leidy, 1868 Premaxillary teeth 
Deinodon horridus Leidy, 1856 Teeth 
Laelaps macropus Cope, 1868 Fragmentary hindlimb elements 
Tomodon horrificus Leidy, 1865 Tooth 
(type of Diplotomodon Leidy, 1868a) 
Tyrannosaurus lanpingensis Yeh, 1975 Teeth 


Tyrannosaurus turpanensis Zhai, Zheng, et Tong, 1978 


Teeth and sacral vertebrae 


are markedly heterodont for theropods, and the D- or U-shaped 
premaxillary teeth of all tyrannosaurids and incrassate (thick- 
ened) “lateral” (i.e., maxillary and dentary) teeth of tyranno- 
saurids are easy to distinguish from those of nontyrannosaurid 
taxa. 

Most modern authors have followed D. A. Russell (1970a) in 
preferring Osborn’s (1906) name Tyrannosauridae, while many 
earlier workers (e.g., Matthew and Brown 1922, 1923; Huene 
1923, 1926c; Maleev 1974) used Deinodontidae Brown, 1914, it- 
self an emendation of Dinodontidae Cope, 1866. 


Definition and Diagnosis 


Tyrannosauroidea as used herein is defined as the clade com- 
posed of Tyrannosaurus rex and all taxa sharing a more recent 
common ancestor with T. rex than with Ornithomimus velox, 
Deinonychus antirrhopus, or Allosaurus fragilis. Tyrannosauroidea, 
orat least a phylogenetically secure subclade therein comprising 
Stokesosaurus, Dryptosaurus, Eotyrannus, and Tyrannosauridae, 
may be diagnosed by the following synapomorphies: the main 
body of the premaxilla taller dorsoventrally than it is long rostro- 
caudally (also in Abelisauridae); a prominent and laterally 
extending horizontal shelf on the lateral surface of the sur- 
angular, rostral and ventral to the mandibular condyle; a large 
opening for the caudal surangular foramen; the retroarticular 
process reduced; the dorsal surface of the iliac blades converging 
closely on the midline (also found in ornithomimosaurs and 
mononykine alvarezsaurids); the dorsal portion of the cranial 
margin of the preacetabular blade of the ilium concave cranially 
and the ventral portion convex; an accessory broad, ventral 
hooklike projection from the preacetabular blade of ilium; a 
straight supracetabular crest on the lateral margin of the ilium 
in dorsal view (also found in various maniraptorans); a median 
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vertical ridge on the external surface of the ilium; a ventral 
flange on the puboischial peduncle; the cranial margin of 
the pubic peduncle concave; the pubis shaft having a marked 
concave curvature cranially (convergent with some oviraptoro- 
saurs); the shaft of the ischium much more slender than the 
pubis shaft; a semicircular scar on the caudolateral surface of 
ischium, just distal to the iliac process (also in ornithomimo- 
saurs); a sheet of bone extending from the obturator process 
continuing down at least half the length of the ischium; the 
fibular cranial tubercle distal to the cranial expansion composed 
of two longitudinal ridges; elongate metatarsals relative to those 
of other theropods having femora of the same length (also in 
Elaphrosaurus, ornithomimosaurs, and troodontids); and the 
proximal surface of metatarsal III crescentic and limited to the 
plantar half of the proximal surface of the metatarsus. 


Anatomy 


Tyrannosauroid anatomy has been described by Lambe (1904a, 
1917a), Osborn (1905, 1906, 1912a, 1917), Parks (1933), Gilmore 
(1946a), Russell (1970a), Madsen (1974), Maleev (1974), Bakker 
et al. (1988), Molnar et al. (1990), Molnar (1991), Carpenter et 
al. (1997), Chure and Madsen (1998), Carr (1999), Carr and 
Williamson (2000, in press), Foster and Chure (2000), Carpen- 
ter and Smith (2001), Hutt et al. (2001), Naish et al. (2001), 
Brochu (2002), Carr et al. (in press), Currie (2003b), and Hurum 
and Sabath (2003). 


Skull and Mandible 


Complete or near-complete skulls are known for Tyrannosaurus 
(Osborn 1912a; Gilmore 1946a; Bakker et al. 1988; Molnar 1991; 


FIGURE 5.1. Skull of subadult Gorgosaurus libratus in dorsal (upper) and 
right lateral (lower) views. Scale = 10 cm. (After Carr 1999.) 


Carr 1999; Brochu 2002; Carr and Williamson, in press), Tar- 
bosaurus (Maleev 1974; Hurum and Sabath 2003), Daspletosaurus 
(Russell 1970a; Currie 2003b), Gorgosaurus libratus (Lambe 1917a; 
Carr 1999; Currie 2003b), and Albertosaurus (figs. 5.1-5.3; Lambe 
1904a; Currie 2003b). Partial skulls are known for Alioramus re- 
motus (Kurzanov 1976a; Currie 2003b) and the unnamed Ala- 
bama tyrannosaurid (Carr et al., in press). Cranial material is 
presently known for Alectrosaurus olseni (Gilmore 1933a; Mader 
and Bradley 1989), although more recently discovered skulls 
may be referable to this taxon (Perle 1977). Only fragmentary 
cranial material is known for Eotyrannus (Hutt et al. 2001; Naish 
et al. 2001), Dryptosaurus (Cope 1866; Carpenter et al. 1997), and 
Bagaraatan (OsmOlska 1996); cranial material referred to Stoke- 
sosaurus (Madsen 1974; Chure and Madsen 1998) cannot be 
definitely referred to this taxon. 

Tyrannosauroid skulls are long and low among small indi- 
viduals (adults of small-bodied taxa and juveniles of larger 
species), deepening dorsoventrally in the adults of the large- 
bodied taxa (figs. 5.1-5.3; Carr 1999; Carr and Williamson, in 
press; Currie 2003b). In general form the skulls of most tyranno- 
saurids resemble those of other large carnivorous theropods and 
nondinosaurian archosaurs (e.g., poposaurids and rauisuchids) 
in being considerably deeper dorsoventrally than wide trans- 
versely; however, Tyrannosaurus rex has a more rounded ros- 
trum, proportionately wider at the base than in more primitive 
tyrannosaurids. Where the skulls are complete, tyrannosaurids 
have a proportionately wider rostrum than do carnosaurs of 
similar size. In T. rex this width is greatly increased postorbitally, 
so that the maximum skull width is approximately two-thirds of 
the premaxilla-occipital condyle length of the skull (compared 
with Allosaurus, for example, in which the comparable figure is 
only one-third of the skull base length, or the tyrannosaurid 


FIGURE 5.2. Skull of adult tyrannosaurids: A, Tyrannosaurus rex; 
B, Daspletosaurus torosus; C, Alioramus remotus. Scale = 50 cm. 
(Courtesy of T. L. Ford.) 
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FIGURE 5.3. Skulls of juvenile tyrannosaurids: A, Nanotyrannus lancen- 
sis (possibly a juvenile Tyrannosaurus rex); B, “Shanshanosaurus houyan- 
shanensis.” Scale = 5 cm. (After Carr 1999; and Currie and Dong 2001b.) 


Daspletosaurus, in which it is slightly less than half of the skull 
base length in). The cranial and some postdentary bones have 
extensive internal chambers. Tyrannosaurids have variable cra- 
nial ornamentation, including rugosities on the nasals, post- 
orbitals, and jugals and hornlets on the lacrimals. 

The nares are rostrocaudally elongate and bounded by the 
premaxillae, the maxillae, and the nasals. The orbits are oval, 
with the dorsoventral axis becoming proportionately longer 
as the skull size increases (except in Gorgosaurus libratus [Carr 
1999; Carr and Williamson, in press]). The eyes of most tyranno- 
saurids are laterally directed, but those of Tyrannosaurus rex are 
more rostrally directed, reoriented due to the postorbital expan- 
sion of the skull. The infratemporal fenestra of tyrannosaurids is 
distinctive, with a vertical rostral margin and a caudal margin 
shaped like a sideways W. The central constriction divides the 
fenestra in half due to a synapomorphic extension of both the 
squamosal and the quadratojugal, with the suture between 
the two subhorizontal and down the longest part of the protru- 
sion. This differs from the constriction of the infratemporal fen- 
estrae of basal tetanurans such as Allosaurus, Monolophosaurus, 
and Ornitholestes, in which the squamosal forms the majority of 
the protrusion. The supratemporal fenestra is smaller than the 
infratemporal fenestra, situated entirely dorsally, and bounded 
by the frontal, parietal, supraoccipital, squamosal, and post- 
orbital. The posttemporal fenestrae are greatly reduced. The 
choanae are located about halfway along the length of the skull 
and are surrounded by the maxilla, the palatine, and the vomer. 
The palatal surface is roofed by extensive medial projections 
from the premaxillae and maxillae. 

The premaxilla is short and deep in tyrannosauroids; the 
ventral ramus of the premaxilla is taller dorsoventrally than it 
is long rostrocaudally, and it is positioned so that it is more ob- 
scured by the maxilla in lateral view than in other theropods. 
There are only four premaxillary teeth. The premaxillary teeth 
of Eotyrannus and tyrannosaurids are arranged in an arcade that 
is much more transversely oriented than rostrocaudally oriented, 
so that the rostralmost surface of the last tooth is rostral to the 
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caudalmost surface of the first tooth (in contrast to the case of 
most theropods, in which the premaxillary tooth arcade is 
arranged more closely to the main skull axis). 

The maxilla is an elongate, roughly triangular element with 
a rounded rostral apex and two caudal rami separated by the 
internal antorbital fenestra. The ventral margin of large tyranno- 
saurids has a convex curvature, most pronounced in the Tarbo- 
saurus and Tyrannosaurus. The maxillary antorbital fossa bears 
both promaxillary and maxillary fenestrae, the former often 
obscured in lateral view in larger individuals by a shelf on the 
lateral surface of the maxilla (Carr et al., in press). In tyranno- 
saurines the promaxillary fenestra rotates to face rostrally, and 
the rostral margin of the maxillary fenestra contacts the rostral 
rim of the antorbital fossa. Medially the maxillae of tyranno- 
saurids house a series of internal chambers (maxillary and pro- 
maxillary antra and pneumatic interalveolar recesses); as pre- 
served these chambers are not separated from each other by 
shelves of bone (similar to the condition in Allosaurus [Witmer 
1997a]). The number of maxillary teeth in tyrannosaurids 
varies: a maximum of 18 are reported in skulls referred to Alectro- 
saurus olseni and a minimum of 11 in some Tyrannosaurus rex. 
The number decreases with skull size in Gorgosaurus libratus 
and T. rex (accompanied by a proportional increase in the cross- 
sectional size of the teeth during ontogeny, so that larger teeth 
exclude the cranialmost tooth position [see Currie 2003b for a 
dissenting view]). The interdental plates are large and rugose. 
The palatal shelves of the maxillae of tyrannosaurids are much 
more extensive then those of carnosaurs or other large thero- 
pods (fig. 5.4A). In most tyrannosaurids these shelves contact 
the vomers along the midline for the rostral half of the length of 
the tooth row: they angle back toward the tooth row forming 
a diagonal contact with the palatines along their caudomedial 
surface. In Tyrannosaurus, however, these projections are much 
more extensive, contacting the vomers for more than three- 
quarters of the length of the tooth row. 

The elongate nasals of Eotyrannus and tyrannosaurids are 
fused along the midline of the dorsal surface, although the 
rostralmost and caudalmost ends are not entirely fused and the 
suture line is visible along the ventral surface. In adult tyranno- 
saurids the dorsal surface is rugose, and it can have an almost 
barklike texture in some cases. The nasals are penetrated by many 
foramina, suggesting that a horny covering was present. In Alio- 
ramus there is a row of five vertical blades along the midline, 
while in the Alabama tyrannosaurid there are six small bumps. 

The lacrimal is shaped like an inverted L; the rostral and de- 
scending rami of the lacrimals form about half of the dorsal and 
all of the caudal surface, respectively, of the internal antorbital 
fenestra. The rostral ramus contains internal pneumatic cham- 
bers; in adult Tarbosaurus and especially Tyrannosaurus this 
portion of the bone can have an inflated appearance. The dorsal 
surface bears a triangular cornual process in albertosaurines 
and Daspletosaurus; this prominence is lost in the Tyrannosaurus- 
Tarbosaurus clade. 

The postorbital is a triradiate bone with longer descending 
and caudal rami and a shorter medial process. In Tyrannosaurus, 
Tarbosaurus, and Albertosaurus, and to a much lesser degree in 
Daspletosaurus, a prong of the postorbital constricts the orbit 
and demarcates a dorsal (eyeball-bearing) and ventral portion 
of the orbit; similar constrictions are found in the carnosaurs 
Giganotosaurus and Carcharodontosaurus, some Allosaurus, and 
some abelisaurids (Chure 1998c). In the case of Gorgosaurus this 
suborbital flange extends to the descending of the ramus of the 
lacrimal, creating a circular orbit in the largest adults. Smaller 
individual tyrannosaurids have a slight bump on the thickened 


FIGURE 5.4. Palatal elements: A, palatal view of Tyrannosaurus rex; B, left ectopterygoid of Tarbosaurus bataar in ventral 
view; C, right palatine of Albertosaurus sarcophagus in lateral view. Scale = 10 cm (A), 3 cm (B), 5 cm (C). (After Molnar 


1991; Maleev 1974; and Carr et al., in press.) 


dorsal rim above and behind the orbit that becomes greatly ex- 
panded in larger individuals. This structure forms a rugose post- 
orbital boss in most adult Tarbosaurus and Tyrannosaurus. The 
enlargement of the dorsal surface of the lacrimal excludes the 
prefrontals and frontals from view on the lateral aspect; in some 
Tyrannosaurus this exclusion is completed by intergrowth of 
the lacrimal and postorbital rugosities. 

The squamosal is pneumatized (Witmer 1997a, 1997b) and 
forms a complex, four-pronged structure. The ventral process 
forms the dorsal half of the prong that constricts the infra- 
temporal fenestra; the suture with the quadratojugal is nearly as 
long as the squamosal is tall in most taxa. The quadratojugal is 
a complex element, wide at the dorsal and ventral surfaces and 
narrowest dorsal to the juncture of the ascending and caudo- 
ventral rami. The dorsal portion of the ascending process is 
closely appressed medially to the lateral margin of the quadrate. 

The jugal is a large triradiate element. The dorsal surface of 
the rostral prong participates in the internal antorbital fenestra 
and contains an enlarged rostral foramen. This aperture opens 
to a complex of internal chambers that also exit via a smaller 
foramen below the lacrimal articulation in some Tyrannosaurus 
rex (Molnar 1991). The lacrimal articulation contributes only 
slightly to the orbital margin but forms most of the rostral mar- 
gin of the antorbital fenestra. In tyrannosaurids a low cornual 
process extends caudoventrally from the middle portion of the 
ventrolateral surface of the jugal; in large individuals this jugal 
horn can be rugose. 

The prefrontal is greatly reduced in all tyrannosaurids. It is 
bordered primarily by the lacrimal and the frontal, with a small 
contribution from the nasal. The frontals of tyrannosaurids 
vary in shape relative to skull size, starting as triangular bones 
but expanding caudally to become rectangular in tyranno- 
saurids having the largest skulls (Currie 2003a). In the largest 


tyrannosaurids there is a sagittal crest along most of the midline 
of the paired frontals. In all tyrannosaurids the frontal is firmly 
sutured medially. 

Tyrannosaurids possess a sagittal crest on the fused parietals 
(formed along the midline where the supratemporal fossae are 
confluent). Caudally the parietals bear a large transverse nuchal 
crest, which rises above the supraoccipital (fig. 5.5). The crest is 
more pronounced in tyrannosaurids than in other large-bodied 
theropods, particularly in Alioramus, Tarbosaurus, and Tyranno- 
saurus. In these latter taxa the crest is often rugose on the dorsal 
surface. Fossae for the ligamentum nuchae are present dorsally 
on the caudal surface of the transverse nuchal crest. 

The parasphenoid is shaped as a thin rostral prong. It forms 
the rostral wall of the hypophyseal fossa, is fused with the 
basisphenoid, and contacts the orbitosphenoid and the latero- 
sphenoid dorsally. The sphenethmoid is known for Gorgosaurus 
and Tyrannosaurus, in which it is a boxlike structure housing 
the passages for the olfactory nerves. A median septum sepa- 
rates the two passages. Just behind the sphenethmoid lies the 
subquadrate orbitosphenoid, bearing the optical foramen. Al- 
most horizontal, it is sutured to the frontal laterally and to the 
laterosphenoid caudally. The prootic, which is caudal to the 
laterosphenoid and partly overlaps the opisthotic, is penetrated 
by the fenestra ovalis and the jugular foramen. The laterosphe- 
noid is tall and forms much of the lateral wall of the braincase. 
Dorsolaterally it contacts the postorbital by an apparently im- 
mobile condyloid joint. The laterosphenoid floors the endo- 
cranial cavity and forms the dorsal part of the sella turcica. 
The oculomotor and trochlear nerves pass through the base of 
the pila antotica of the laterosphenoid (Tyrannosaurus) or the 
laterosphenoid-orbitosphenoid junction (Gorgosaurus and Das- 
pletosaurus). The trigeminal foramen penetrates the latero- 
sphenoid. The opisthotic bears the foramen of the facial nerve. 
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FIGURE 5.5. Caudal view of the skull of Nanotyrannus lancensis. 
Scale = 5 cm. (After Carr 1999.) 


It is extended caudolaterally as a vertical plate and forms, with 
the exoccipital, the paroccipital process. The paroccipital process 
of tyrannosaurids is hollow and projects more horizontally and 
transversely than in carnosaurs and other large tetanurans, in 
which it is more ventrally and rostrocaudally oriented. The two 
branches of the vestibulocochlear nerve are separate from the 
facial nerve. Three tympanic recesses connect to the inner ear, 
the caudal invading the base of the paroccipital process through 
a large foramen. The occipital region is caudally oriented in 
Gorgosaurus and Daspletosaurus; however, in Alioramus, Alberto- 
saurus, Tarbosaurus, and Tyrannosaurus it is more ventrally ori- 
ented, suggesting that the skull was oriented with the rostrum 
directed slightly ventrally in life. 

The occipital elements of tyrannosaurids are often exten- 
sively fused (fig. 5.5). The supraoccipital forms a broad rectan- 
gular structure that bears a pair of tablike processes. Internally 
the supraoccipital houses a tripartite sinus arching over the endo- 
cranial cavity (Brochu 2002). The basioccipital forms about half 
of the occipital condyle and most of the occipital plate below, 
with extensive contributions from the exoccipitals. Deep sub- 
condylar recesses are situated immediately lateral and slightly 
ventral to the occipital condyle (Witmer 1997a, 1997b). The 
basisphenoid region is expanded transversely relative to that in 
most other large theropods. The basisphenoid floors the brain- 
case. The ventrolaterally directed basipterygoid processes extend 
from the base of the basisphenoid to contact the pterygoids at 
well-defined articular surfaces. The basisphenoid is excavated 
into a deep, ventrally opened recess (Witmer 1997a, 1997b) sur- 
rounded by a basipterygoid web (connecting the basipterygoids), 
a basituberal web (connecting the basal tubera), and webs con- 
necting the basal tubera and the basipterygoid processes on 
each side (Bakker et al. 1988). The basisphenoid recess is pene- 
trated by a pair of large foramina in tyrannosaurids (Witmer 
1997a, 1997b). Although these foramina are reported as a single 
opening (Russell 1970a) or paired but much reduced (Bakker et 
al. 1988) in Daspletosaurus torosus, new evidence suggests that 
they were similarly formed in Daspletosaurus as in other tyranno- 
saurids (Carr 1999). The basal tubera are plesiomorphically large 
in Gorgosaurus and Daspletosaurus but reduced in Alioramus, 
Albertosaurus, Tarbosaurus, and Tyrannosaurus. 
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The quadrate of tyrannosaurids and probably Eotyrannus 
(Hutt et al. 2001) is pneumatic. The jaw articulation of tyranno- 
saurids lies no farther caudally than the caudalmost point of 
the occipital condyles and rostral to the caudalmost extent of 
the paroccipital processes; this is unlike the condition in other 
large-skulled theropods, in which the jaw articulation is well 
caudal to the occipital condyle and to the caudalmost point of 
the paroccipital processes. 

The pterygoid has two main components: a horizontal, flat 
palatal plate and a vertical, thin quadrate ramus. The main body 
of the ectopterygoid has several interconnecting chambers, 
which open caudoventrally (fig. 5.4B). Two foramina open to 
the ventral ectopterygoid sinus in Albertosaurus and Gorgosaurus; 
the ectopterygoid chambers of Daspletosaurus, Tarbosaurus, and 
Tyrannosaurus are inflated. 

The palatine in most tyrannosaurids (Gorgosaurus, Alberto- 
saurus, Daspletosaurus, and subadult Tarbosaurus and Tyranno- 
saurus) is triradiate (fig. 5.4C), with maxillary, pterygoid, and 
vomerine processes but lacking the jugal process of non- 
coelurosaurian tetanurans. In adult Tarbosaurus and Tyranno- 
saurus the palatine is a pneumatic trapezoidal element with a 
flat ventral surface. The long maxillary process (or the long 
side of the trapezoid in Tyrannosaurus) contacts the palatal shelf 
of the maxilla, and the maxillary and vomerine processes form 
the caudal margin of the choana. The lateral surface of the 
tyrannosaurid palatine bears a recess, and a large foramen or 
foramina (one in the Alabama tyrannosaurid, Daspletosaurus, 
and some Tyrannosaurus rex; two or more in Gorgosaurus, Alberto- 
saurus, Tarbosaurus, and other T. rex) lead to a strutted cavity 
within the bone (Witmer 1997a, 1997b). 

The vomer comprises two portions, a rostral rhomboid plate 
and a caudal laterally compressed stem (Molnar 1999). The ros- 
tral plate is expanded in tyrannosaurids, unlike in most other 
theropods, and is either trapezoidal or diamond-shaped. The 
vomer has extensive contact with the palatal shelves of the 
maxilla, and the rostral end of the plate may contact the ventral 
surface of the palatal shelves of the premaxillae. 

To date, the epipterygoid has been described only in AI- 
bertosaurus, Alioramus, and Tyrannosaurus. It is a teardrop- 
shaped bone linking the quadrate process of the pterygoid to 
the laterosphenid. 

The endocranial cavity is larger in tyrannosaurids than in 
carnosaurs of equivalent skull size (Larsson et al. 2000; Larsson 
2001). The use of computer tomography (CT) on various tyranno- 
saurids (Brochu 2000, 2002) has greatly enhanced previous 
knowledge, which was drawn mostly from endocranial molds 
(Osborn 1912a; Maleev 1965; Hopson 1979). The cavity is short 
but tall. There is a transversely expanded rostral region followed 
by a transversely constricted but dorsoventrally expanded region 
that tapers toward the foramen magnum. The rostral region 
presumably corresponds to the forebrain, while the dorso- 
ventrally expanded region housed the mid- and hindbrains. The 
floor of the cavity is flexed upward between the jugular and 
trigeminal foramina. Just rostral to the trigeminal foramen, 
the cavity is widened to accommodate the optic lobes or the 
cerebrum. Brochu (2000, 2002) has demonstrated the greatly 
enlarged olfactory lobes of Tyrannosaurus rex. However, with- 
out a comparative series of this region in theropods of inter- 
mediate size it is not certain whether these are apomorphically 
enlarged in T: rex (or Tyrannosauridae) relative to other non- 
avian theropods or instead are the size expected by allometry; 
hence, any paleobiological interpretation for this taxon based 
on the absolute size of its olfactory lobe remains spurious at 
present. 


FIGURE 5.6. Mandible of Tyrannosaurus rex in A, lateral view, B, medial 
view, and C, medial view with splenial removed. Scale = 10 cm. (After 
Hurum and Currie 2000.) 


The mandibles of primitive tyrannosauroids, as well as small 
individuals of tyrannosaurids, tend to be slender (fig. 5.3B), 
while those of adult tyrannosaurids (and adult and juvenile 
Tyrannosaurus) are more robust and deeper dorsoventrally than 
in more primitive taxa (fig. 5.6; Carr 1999; Currie 2003b). The 
mandibular fenestra is small, while the caudal surangular fora- 
men is large in most tyrannosaurids, although it is secondarily 
reduced in Tarbosaurus bataar. The dentary bears as many as 18 
teeth (Alectrosaurus olseni) and as few as 11 (Tyrannosaurus rex). 
The interdental plates of tyrannosaurids are large, as in the 
maxilla; in Eotyrannus they are small spikes. The caudal end 
of the dentary flares dorsally and ventrally in adult tyranno- 
saurids, marking the deepening of the postdentary region com- 
pared with that in more primitive forms. The supradentary of 
tyrannosaurids is fused to the coronoid (fig. 5.6C; Hurum and 
Currie 2000). Indeed, it is not at all certain that these represent 
two separate bones in any theropod (Currie 2003b). The splenial 
is large, flat, and triangular and bears a large rostral mylohyoid 
foramen and a caudal notch forming the rostral margin for the 
internal mandibular fenestra. The prearticular forms a large, flat 
crescent (the curvature that is greatest in those taxa with the 
deepest postdentary region) and forms the caudal, ventral, and 
rostroventral margins of the adductor fossa; the small triangular 
coronoid forms the rostrodorsal margin. The surangular is a 
large, thin, curved vertical plate that is dorsoventrally deep on 
the rostral margin. The rostral external surangular foramen is 
small, while the caudal surangular foramen is large (except in 
Tarbosaurus). Dorsal to the caudal surangular foramen is a hori- 
zontal shelf dorsal to which is a flat facet, presumably for the 
attachment of the superficial mandibular adductor muscula- 
ture. The articular is roughly tetrahedral and bears a large fora- 
men aerosum and a large central sinus. Tyrannosaurids do not 
possess a retroarticular process; instead, a shallow concavity oc- 
cupies the whole of the caudal surface of the articular, presum- 
ably for the insertion of the mandibular depressor muscle. The 
shape of the glenoid in tyrannosaurids closely conforms to that 
of the mandibular condyles of the quadrate. 


Tyrannosauroid premaxillary (fig. 5.7A) and “lateral” (max- 
illary and dentary) teeth (fig. 5.7B) are distinct from each other, 
more so than in most theropod taxa; in fact, Marsh (1892) 
considered isolated premaxillary teeth of tyrannosaurids to be 
mammalian. The incisiform premaxillary teeth of Eotyrannus 
and tyrannosaurids have a D- or U-shaped basal cross section 
that is mesiodistally as deep as or deeper than it is labiolingually 
(fig. 5.7A). Both carinae lie along the caudal surface of the tooth, 
on a plane perpendicular to the main axis of the skull. These 
teeth often have a strongly developed vertical ridge on their 
distal surface. Some tyrannosaurid premaxillary teeth lack ser- 
rations on their carinae; however, it is not at all certain that 
these “Aublysodon” teeth (Molnar and Carpenter 1989; Currie 
et al. 1990; Lehman and Carpenter 1990; Holtz 2001b) are not 
simply the product of wear, digestion, or postmortem erosion 
(Brochu 2002; Carr and Williamson, in press). In some tyranno- 
saurid teeth the carinae are bifurcated, perhaps due to trauma 
or aberrant tooth replacement, but this is also consistent with 
genetic factors (Erickson 1995). In some tyrannosaurids the 
rostralmost maxillary teeth are incisiform or subconical. Other- 
wise, the lateral teeth of tyrannosaurids are larger than the 
premaxillary teeth, and the carinae are slightly offset from the 
rostral and caudal margins of the tooth (more so in more robust 
teeth than in slender forms). In primitive tyrannosauroids 
(Dryptosaurus and Eotyrannus) and in juveniles of tyranno- 
saurids the teeth are ziphodont (bladelike), although the cross- 
sectional diameter is greater labiolingually than found in the 
teeth of other theropods of the same crown height. In larger 
advanced tyrannosaurid taxa, however, the teeth are incrassate, 
so that the labiolingual width at the tooth base sometimes is 
equal to or exceeds the mesiodistal length. The tooth root can 
constitute almost two-thirds of the total length in some tyranno- 
saurids. Denticles on the lateral teeth are wider labiolingually 
than they are tall proximodistally. In Eotyrannus and some 
tyrannosaurids the denticulations extend over the tip of the 
tooth. In some of the largest tyrannosaurid teeth, wrinkles in 
the enamel extend from the carinae. 

Tyrannosaurid teeth show three kinds of wear: slight round- 
ing of the tip, development of flat, oblique facets adjacent to the 
top both labially and lingually, and abrasion of the serrations 
both mesially and distally (Molnar et al. 1990; Abler 1992; Far- 
low and Brinkman 1994). The facets do not correspond in the 
upper and lower dentitions, so it is unlikely that they were formed 
by tooth-to-tooth contact. 

To date, ceratobranchials have only been reported in a prob- 
able juvenile Tyrannosaurus rex (Gilmore 1946a; Bakker et al. 
1988). These bones are elongate rods with a curved segment 
near the middle of the shaft. 


Postcranial Skeleton 


The majority of the postcranium of Tyrannosaurus (Osborn 1917; 
Brochu 2002), Tarbosaurus (Maleev 1974), Daspletosaurus (Rus- 
sell 1970a), Gorgosaurus (Lambe 1917a), and Albertosaurus (Parks 
1933) is known (fig. 5.8). More fragmentary remains have been 
recovered for the Alabama tyrannosaurid (Carr et al., in press), 
Alioramus (Kurzanov 1976a), Alectrosaurus (Mader and Bradley 
1989), Eotyrannus (Hutt et al. 2001; Naish et al. 2001), Drypto- 
saurus (Carpenter et al. 1997), and Bagaraatan (OsmOlska 1996). 


AXIAL SKELETON 


In tyrannosaurids there are 10 cervicals, 13 dorsals, 5 sacrals 
(although the caudalmost dorsal is slightly sacralized), and 
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FIGURE 5.7. Dentition of tyrannosaurids: A, premaxillary tooth of Daspletosaurus sp. in lateral and lingual 
views, with cross sections at indicated levels (labial end to right); B, dentary tooth of Tarbosaurus bataar in 
lateral view (upper) and basal cross section (lower). Scale = 1 cm. (After Lehman and Carpenter 1990; and 
Maleev 1974.) 


+ SEER 


FIGURE 5.8. Skeletons of tyrannosauroids: A, Eotyrannus lengi (shaded elements represent those recovered at present); B, Tyrannosaurus rex. 
Scale = 1 m. (A courtesy of D. Naish; B courtesy of G. S. Paul.) 


FIGURE 5.9. Cervical vertebrae: A, atlas of juvenile tyrannosaurid 
(“Shanshanosaurus houyanshanensis”) in left lateral and right lateral 
views; B, cervical series of Tyrannosaurus rex in right lateral view. 
Scale = 1 cm (A), 10 cm (B). (After Currie and Dong 2001b; and 
Osborn 1917.) 


35-44 caudals. Cervicals, dorsals, and some sacrals of tyranno- 
saurids (and, as far as can be ascertained, Eotyrannus) bear pleu- 
rocoels, and the centra have a complex camellate structure (Britt 
1993, 1997). The spinous processes of tyrannosaurids are also 
highly pneumatized (Brochu 2002). 

As in most theropods, the atlas is composed of only the neu- 
rapophyses, the intercentrum, and the odontoid (fig. 5.9). The 
crescentic intercentrum is axially compressed, twice as long as 
it is high. The axial pleurocentrum is pleurocoelous, generally 
having only a single pneumatopore. The axial spinous process 
has only a low vertical component projecting dorsally. Pre- and 
postzygapophyses are present, and the latter bear epipophyses. 

Postaxial cervical centra are amphiplatyan, amphicoelous, 
or at most weakly opisthocoelous (fig. 5.9B); this differs from 
the condition in other large-bodied theropods, in which the 
centra are markedly opisthocoelous. The spinous processes, zy- 
gapophyses, and rib articulations are well developed. Facets for 
the zygapophyses are dorsally (rather than craniodorsally) ori- 
ented in Eotyrannus and tyrannosaurids. The cervical central of 
adult tyrannosaurines are craniocaudally compressed, only about 
half as long as they are tall; however, those of juveniles and of 
other tyrannosauroids are as long as or longer than they are 
tall. Although tyrannosaurids are often characterized as being 
short-necked (cf. Steel 1970), this description is only applicable 
to Tyrannosaurinae (Holtz 2001b; Currie 2003b); the cervical 
series of Gorgosaurus and Albertosaurus are almost as long as the 
dorsal series. Tyrannosaurids’ appearing to be short-necked may 
bea result of their enlarged skulls rather than the proportions of 
the sections of the vertebral column. 

Dorsal vertebrae have powerfully developed spinous processes 
and transverse processes, the latter being horizontally directed 


FIGURE 5.10. Dorsal vertebrae: A, dorsals 1-4 of Tarbosaurus bataar 
in right lateral view; B, caudal dorsal in cranial and caudal views. 
Scale = 10 cm. (After Maleev 1974.) 


(fig. 5.10). The centra are amphicoelous or amphiplatyan and 
become longer caudally in the series. All dorsals have hyposphene- 
hypantrum articulations. Dorsal ribs are well developed and 
broadly curved cranially, suggesting a barrel-shaped chest re- 
gion. The trunk becomes shallower and narrower in front of the 
sacrum. 

The sacrum proper consists of five vertebrae (fig. 5.11); how- 
ever the caudalmost dorsal is completely surrounded laterally 
by the ilia, with which it has broad contact via the transverse 
processes, and is thus functionally sacralized. In at least some 
material the sacrum is compressed, so that the centra are much 
deeper dorsoventrally than they are wide transversely, although 
this may be due in part to postmortem distortion. The sacral 
spinous processes are fused to form a continuous lamina. The 
sacral ribs and transverse processes are robust and have broad 
contact with the ilia. 

The transition point between the proximal and distal parts 
of the caudal series (as marked by the presence or absence of 
transverse processes and spinous processes, respectively) is lo- 
cated at about caudal 15. The distal centra are more elongate in 
form than the proximal (fig. 5.12A); the caudal centra are am- 
phiplatyan or amphicoelous (fig. 5.12B). The transverse processes 
are broad and horizontal. The distal spinous processes are axi- 
ally elongate. The cranial zygapophyses of the distal series are 
elongate, sometimes extending more than half of the length of 
the preceding centrum. 
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FIGURE 5.11. Sacrum of Tyrannosaurus rex in right lateral view. 
Scale = 10 cm. (After Osborn 1917.) 


FIGURE 5.12. Caudal vertebrae: A, caudal 28 of Gorgosaurus libratus in 
right lateral, dorsal, ventral, and cranial views; B, midseries caudal of 
Tarbosaurus bataar in cranial and caudal view. Scale = 1 cm (A), 10 cm 
(B). (After Lambe 1917a; and Maleev 1974.) 


The hemal processes in tyrannosaurids show a transition 
from proximal L-shaped forms through caudal 10 (fig. 5.13C, D); 
hatchet-shaped forms, with the distal portion longer cranio- 
caudally than the proximal portion and a ventrally convex mar- 
gin, from caudal 11 to 15 (fig. 5.13B); and boat-shaped hemal 
processes with cranial and caudal projections, and more than 
twice as long craniocaudally as tall dorsoventrally, from caudal 
15 onward (fig. 5.13A). Osborn (1917) miscalculated the length 
and transitional sequence of the (then incompletely known) tail 
of Tyrannosaurus rex. He thus restored this tyrannosaurid, using 
Allosaurus, with 53 caudals, as a model. He placed the only dis- 
covered hatchet-shaped hemal process between caudals 21 and 
23 (ten or more vertebrae distal to the actual position) and 
interpolated a gradual sequence from the elongate proximal 
hemal processes. This incorrect model of the tyrannosaurid tail 
has been used to restore other incomplete skeletons since and 
may have been the source for some misinterpretation of the 
actual caudal anatomy of Tyrannosauridae (e.g., Forster et al. 
1998). 

Gastralia have saddle-shaped facets between the medial and 
lateral segments and between interlocking portions of each se- 
quential medial segment (fig. 5.14; Lambe 1917a; Parks 1933; 
Maleev 1974; Brochu 2002). The median segment of each gas- 
tralium is longer than the lateral segment. In Gorgosaurus the 
series had 19 segments (Lambe 1917a); Brochu (2002) estimates 
that 18 were present in Tyrannosaurus. The cranialmost two 
segments of the gastral basket of Tyrannosaurus (Brochu 2002) 
and Tarbosaurus (Maleev 1974) are fused into a platelike mass; 
given the similarity of this element to the supposed sternum of 
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FIGURE 5.13. Haemal arches of Gorgosaurus libratus: A, twentieth hemal 
arch in right lateral, caudal, and dorsal views; B, fifteenth hemal arch in 
right lateral, caudal, and dorsal views; C, seventh hemal arch in right 
lateral and caudal views; D, second hemal arch in right lateral and 
caudal views. Scale = 5 cm. (After Lambe 1917a.) 


FIGURE 5.14. Cranial portion of gastralia series of Tarbosaurus bataar. 
Scale = 15 cm. (After Maleev 1974.) 


Gorgosaurus (Lambe 1917a), that latter structure is more simply 
explained as also being a fused gastral plate. 


APPENDICULAR SKELETON 


The scapula is long and straplike. The caudal end is only slightly 
expanded in Eotyrannus, Gorgosaurus, Daspletosaurus, and Tarbo- 
saurus but much more so in Tyrannosaurus and Albertosaurus, 
the latter having more expansion dorsally than ventrally. The 
acromial expansion is proportionately large. The scapula con- 
tributes more of the glenoid than does the coracoid. The cora- 
coid is an oval plate approximately one-quarter of the scapular 
length and has a well-developed caudoventral process. The cora- 
coid foramen is large. The biceps tubercle is present and moder- 
ately well developed. 


FIGURE 5.15. Humeri: A, right humerus of Eotyrannus lengi in cranial and lateral views (Eotyrannus lateral tooth and Valdosaurus tooth root still at- 
tached by matrix); B, left humerus of Tyrannosaurus rex in proximal, distal, cranial, lateral, caudal, and medial views. Scale = 5 cm. (After Naish et al. 


2001; and Carpenter and Smith 2001.) 


Furculae are known for Albertosaurus, Gorgosaurus, and Das- 
pletosaurus (Makovicky and Currie 1998). Tyrannosaurid furcu- 
lae have a broad curvature. They have a short hypocleideum, 
and larger individuals have expanded epicleidial facets. Furcu- 
lae articulate with the acromial processes, and the apex lies 
cranial and ventral to the cranial margins of the coracoids. 
Tyrannosaurid furculae can be distinguished from the fused 
cranialmost medial gastral segments of some theropods in that 
the latter are more massive, have more gradually tapering and 
straight (rather than sigmoid) rami, and do not have epicleidial 
facets (Currie and Makovicky 1998). 

The sternum was reported for Gorgosaurus (Lambe 1917a), 
but based on new observations from Tyrannosaurus (Brochu 
2002) that element is more likely a fused gastral plate. Thus, 
no ossified sternum has been confirmed for any member of 
Tyrannosauroidea. 

The tyrannosaurid forelimb is greatly reduced relative to the 
hindlimb and the scapula. Ratios of femoral to humeral length 
range from approximately 2.8 in Daspletosaurus to 4.0 in Tarbo- 
saurus. Ratios of scapular to humeral length range from 2.2 in 
Daspletosaurus to 2.9 in Tarbosaurus. The antebrachium is shorter 
than the humerus, while the manus is intermediate in length 
between the two. The forelimb of Dryptosaurus is also reduced, 
but that of Eotyrannus is plesiomorphically elongate. 

The humerus is slender, and the deltopectoral crest is weakly 
developed in all tyrannosauroids except Eotyrannus (fig. 5.15). 
The crest is largest in Dryptosaurus, Albertosaurus, and Tyranno- 
saurus. The humeral head is not offset from the lateral tuberosity 
by acleft. The shaft is straighter than in most large tetanurans, 
although within Tyrannosaurus rex two different forms are pres- 
ent, one with a more pronounced medial curvature and one 


with a much straighter shaft; Carpenter and Smith (2001) sug- 
gest that this difference might be a product of sexual dimor- 
phism. The distal end is weakly expanded. The radius is a simple 
cylinder (fig. 5.16B). The length of the ulna is approximately 
60% of the length of the humerus in most tyrannosaurids, and 
only 45% in Tyrannosaurus bataar. The olecranon process is mod- 
erately well developed but short (fig. 5.16A). 

The carpus of tyrannosaurids is only poorly preserved. Five 
elements (three proximal, two distal) have been recovered for 
Gorgosaurus and Albertosaurus, four for Tarbosaurus, three for Das- 
pletosaurus, and only two for Tyrannosaurus (Holtz 2001a; Chure, 
in press). However, this might well be an artifact of preservation 
rather than a taxonomic feature. Homologies are hindered by 
the apomorphically reduced nature of these elements, which 
lack well-developed facets or trochlea. A single large distal ele- 
ment caps parts of the proximal ends of metacarpals I and II. In 
fact, in a juvenile tyrannosaurid from the Horseshoe Canyon 
Formation of Alberta, Canada (Russell 1970a; Holtz 2001a) and 
in Eotyrannus (Naish, pers. comm.) this element does in fact 
possess transverse trochlea and a semilunate shape. In adult 
tyrannosaurids this element is poorly formed and lacks these 
features, perhaps reflecting a shift away from manual prehension 
during tyrannosauroid evolution and tyrannosaurid ontogeny. 

The manus of Eotyrannus is tridactyl and well developed 
(Hutt et al. 2001); in contrast, the manus of tyrannosaurids was 
functionally didactyl, with only metacarpals I and II possessing 
phalanges (fig. 5.17). The condition in Dryptosaurus is uncertain: 
at least one digit bore an immense trenchant claw, but which 
digit this was is uncertain (Carpenter et al. 1997). Metacarpal III 
in tyrannosaurids is greatly reduced in length and thickness 
relative to all other theropods and lacks a distal articulation. 
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FIGURE 5.16. Forearm elements of Tyrannosaurus rex: A, right ulna 
in cranial, lateral, caudal, medial, proximal, and distal views; B, right 
radius in cranial, lateral, caudal, medial, proximal, and distal views. 
Scale = 10 cm. (After Carpenter and Smith 2001.) 


Metacarpal II is the longest element in the manus: it is about 
twice as long as metacarpal I in most tyrannosaurids but only 
about 70% longer in Tyrannosaurus and only 30%-60% longer 
in Tarbosaurus. Metacarpal III is longer than metacarpal I (the 
primitive condition in Theropoda) in Gorgosaurus, Albertosaurus, 
and Daspletosaurus, but in Tarbosaurus metacarpal III is reduced, 
so that it is shorter than metacarpal I. Metacarpal III is present 
in Tyrannosaurus rex, as attested by the notch in the proximal 
end of metacarpal I] for its articulation, but this element has not 
yet been found (Carpenter and Smith 2001), and it is thus un- 
certain whether it was as reduced as in Tarbosaurus. These pro- 
portions might reflect the general trend in theropod evolution 
of reduced size of manual elements from digit V toward digit I 
(Wagner and Gauthier 1999), with metacarpals II and II more 
reduced in the derived tyrannosaurines relative to the other, 
more primitive tyrannosauroids. The phalangeal formula of 
tyrannosaurids is 2-3-0-X-X. Phalanx 1 of digit I is the longest, 
being longer than metacarpal I in Albertosaurus, Daspletosaurus 
(incorrectly restored as phalanx 1 of digit II in Russell 1970a), 
and Tarbosaurus but subequal to metacarpal II in Gorgosaurus 
and shorter than it in Tyrannosaurus. The phalanges are robust 
and bear smooth ginglymoid articular facets. The unguals are 
proportionately shorter and stockier in tyrannosaurids than in 
Dryptosaurus or Eotyrannus. The distal end tapers to a point in 
these two basal forms, as well as in Gorgosaurus, Albertosaurus, 
and Dryptosaurus, but is thicker throughout its length, with a 
blunter tip, in species of Tyrannosaurus. The manual unguals 
are more laterally compressed than those of the pes and bear 
prominent grooves for the claw sheath. The flexor tubercles are 
less well developed in tyrannosaurids than in Dryptosaurus or 
Eotyrannus. 

The ilium is long and bladelike in tyrannosauroids, only 
slightly shorter than the femur in albertosaurines and longer 
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FIGURE 5.17. Manus of tyrannosaurids: A, right metacarpal III, digit 
and metacarpal II, and digit and metacarpal I of Gorgosaurus libratus 
in medial view; B, left manus of Tarbosaurus bataar in cranial view. 
Scale = 5 cm. (After Lambe 1917a; and Maleev 1974.) 


than the femur in tyrannosaurines (fig. 5.18; Holtz 2001b; Currie 
2003a). The dorsal portion of the cranial edge of the preacetab- 
ular blade is concave in Stokesosaurus and Tyrannosauridae. The 
preacetabular blade is deep in lateral view due to an apomorphic 
hooklike ventral projection extending from the preacetabular 
blade. This ventral projection is supported at its base by a medial 
shelf contacting the cranial sacral ribs (fig. 5.18A). The ventral 
projection and the preacetabular blade meet at a notch on the 
cranial margin of the ilium. The dorsal margins of the ilia 
converge more closely along the midline in Stokesosaurus and 
Tyrannosauridae than in most other theropods, sometimes 
contacting the sacral spinous processes and nearly contacting 
each other. On the lateral surface of the ilium, dorsal to the 
acetabulum, is a prominent vertical midline crest. The pubic 
peduncle is more massive than the ischial and longer cranio- 
caudally than wide transversely. In Bagaraatan, Stokesosaurus, 
and tyrannosaurids the cranial surface of the pubic peduncle is 
concave (Rauhut 2003), and there is a ventral flange extending 
from it (Hutchinson 2001a). The supracetabular crest is reduced. 
The postacetabular blade is longer than the preacetabular blade 
and has a squared end (more tapered in Tarbosaurus). 

The pubis is long and rodlike and extends subvertically rel- 
ative to the axis of the sacrum (fig. 5.18B). The shaft curves 
cranially in Dryptosaurus and tyrannosaurids, and a cranially 
projecting, crestlike pubic tubercle is present near the proximal 
end of the shaft (Hutchinson 2001a). The pubic boot is large in 
tyrannosaurids, about half as long craniocaudally as the pubis is 
long dorsoventrally in albertosaurines and two-thirds as long 
in tyrannosaurines. The pubic boot is equally long cranially as 
caudally and narrow transversely, and it tapers caudally to a 
point (less so cranially). The obturator foramen opens ventrally 
to form an obturator notch. The pubic shafts are closely appressed 
throughout the distal two-thirds of the pubis length; there is no 
cranial pubic foramen. 

The ischium is rodlike, slender, points caudoventrally, and 
tapers to a point (fig. 5.18B). The obturator process is triangular 
and proximally placed. In tyrannosaurids a ventrally extending 


FIGURE 5.18. Pelvis of Tyrannosaurus rex. A, cranial view of ilium and 
sacrum (arrow indicates tyrannosaurid medial shelf); B, right lateral 
view of pelvis. Scale = 10 cm. (After Osborn 1917.) 


sheet of bone continues the obturator process down at least half 
of the length of the ischial shaft. There is a prominent semi- 
circular scar on the caudolateral surface of the proximal end of 
the ischium, caudal to the obturator process and ventral to the 
iliac articulation (Holtz 2001b). Hutchinson (2001a) and Car- 
rano and Hutchinson (2002) reconstruct this as an attachment 
for M. flexor tibialis internus part 3. 

The hindlimb of tyrannosauroids is long relative to their 
body size (Holtz 1995b; Currie 2003a). As in all nonavian thero- 
pods, the tibia becomes proportionately shorter relative to the 
femur as the body size increases (Holtz 1995b); consequently, 
using the proportions of the hindlimb elements without refer- 
ence to overall body size is problematic for taxonomy, partic- 
ularly for forms (e.g., tyrannosaurids) that ranged in size from 
about 1 m for juveniles to 14 m in adults. In adult tyranno- 
sauroids of small body size and in juveniles of the larger taxa the 
tibia is longer than the femur; in larger individuals the tibia is 
often as short as the femur or even shorter (Holtz 1995b; Currie 
2000). However, in tyrannosauroids the tibia is proportionately 
longer than in any other nonavian theropod (other than or- 
nithomimosaurs and Elaphrosaurus) of the same femur length, 
and the point at which tibia length is less than femur length oc- 
curs in much larger individuals than in carnosauts, ceratosaurs, 
and other taxa (Holtz 1995b). Similarly, the metatarsi of tyranno- 
saurids are much longer and more gracile than those of other 


theropods of the same femur length, again with the exception of 
ornithomimosaurs and Elaphrosaurus [Holtz 1995b; Paul 2000)). 

The femur is a robust element, straight in cranial view (fig. 
5.19A, B). As in most theropods, it is curved, so that it is concave 
caudally; this curvature is greater in even the largest tyranno- 
saurids than in carnosaurs. The well-defined, hemispherical 
head projects medially and dorsally. The greater trochanter is 
cleft from and lower than the femoral head. The alariform cranial 
trochanter is as high as or higher than the greater trochanter 
and can equal or exceed the height of the dorsalmost point of 
the femoral head. The fourth trochanter is powerfully developed. 
In the distal condyles the flexor sulcus is well developed and the 
extensor groove is deep and prominent. The scar for M. tibialis 
cranialis is well defined (a triangular shape) just above the tibial 
condyle on the cranial face of the shaft. 

The tibia, although powerfully built, is never as robust and 
stocky as in carnosaurs and other basal tetanurans (fig. 5.19C, D). 
The cnemial process is well developed and curves out of the 
lateral surface of the tibia. The incisura tibialis (excavation on 
the cranial portion) occupies more than two-thirds of the lat- 
eral surface of the proximal tibia. The proximolateral condyle is 
pinched cranially and caudally, forming a waist between the 
condyle and the main body of the tibia. The crista fibularis is 
well developed and proximally placed. On the craniodistal sur- 
face there is a prominent facet for the large ascending process 
of the astragalus. The fibula is slender. The proximal end is ex- 
panded to 75% or more of the craniocaudal length of the tibia. 
The medial surface of the proximal half of the fibula is deeply 
excavated. There is a distinct cranial tubercle distal to the cranial 
expansion, formed by two parallel longitudinal ridges, the lat- 
eral one being larger. The distal end is tapered but contacts the 
tarsus. 

The astragalus of tyrannosauroids bears a tall, triangular as- 
cending process that extends for one-quarter to one-third of 
the vertical distance of the femur. Some individuals bear a deep 
fossa at the base of the ascending fossa (Mader and Bradley 1989). 
The calcaneum is small but supports the distal end of the fibula 
and contributes to the lateral condyle. Two distal tarsals, disklike 
elements nearly equal in size, are present. 

The metatarsus of tyrannosauroids is long and slender (figs. 
5.20, 5.21). Metatarsals II and IV are subcylindrical and nearly 
equal in length, although IV is longer; metatarsal III is longer 
than the others. Metatarsal III is pinched proximally to form a 
slender, solid bony splint and is wedge-shaped distally. Buttress- 
ing surfaces from metatarsals II and IV contact the sides of 
metatarsal III. Metatarsal III has not been recovered for non- 
tyrannosaurid tyrannosauroids, so it is not certain whether it 
was fully pinched in these taxa. Metatarsal III contributes only 
slightly to the proximal surface of the metatarsus, forming a 
crescentic shape (never an oval, contra Holtz 1995b) limited 
to the caudal half of that surface. This compact, slender meta- 
tarsal structure has been termed the arctometatarsus (Holtz 1994, 
1995b). The arctometatarsi of tyrannosaurids are never proxi- 
mally co-ossified. There is a contact on the dorsal part of the 
proximal ends of metatarsals II and IV, and metatarsals II and IV 
contact at midshaft on the plantar surface. Juvenile or small 
adult tyrannosaurid metatarsi might be confused with those of 
large ornithomimids (Currie 2000), but in the latter metatarsal 
III has an oval rather than a crescentic proximal surface. The 
distal articular surfaces of metatarsals II and IV are elongate 
and condylar, while that of metatarsal III has a nearly rec- 
tangular ginglymoid form. Metatarsal II can be distinguished 
from IV in that the distal articulation of the former is nearly 
square in outline, while that of the latter is narrower and more 
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FIGURE 5.19. Femora and tibiae: A, right femur of Tyrannosaurus rex in medial and cranial views; B, left 
femur of Tarbosaurus bataar in caudal view; C, left tibia of Tarbosaurus bataar in cranial view; D, left tibia of 
Alectrosaurus olseni in cranial view. Scale = 20 cm. (After Osborn 1917; Maleev 1974; and Gilmore 1933a.) 


FIGURE 5.20. Pedes: A, right metatarsus of Gorgosaurus libratus in proximal (with distal tarsals in articu- 
lation), cranial, and distal views; B, left metatarsus of Alectrosaurus olseni in cranial view; C, left pes of 
Tarbosaurus bataar in cranial view. Scale = 10 cm. (After Lambe 1917a; Gilmore 1933a; and Maleev 1974.) 


triangular; in dorsal view metatarsal II generally has a greater 
area and is wider mediolaterally than metatarsal IV. Metatarsal I 
is greatly reduced in size and positioned slightly distal to mid- 
shaft and slightly shifted plantarly on metatarsal II (but not fully 
retroverted as in avialans). Metatarsal V has a cranially facing, 
rugose tuberosity (Brochu 2002). 

The arctometatarsalian condition is as well developed in 
Tyrannosaurus rex as in other tyrannosaurids: metatarsal III is 
reduced and compressed proximally, and the metatarsus is 
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long, slender, and compact (Holtz 1995b; Brochu 2002). How- 
ever, outdated restorations of incorrectly mounted hindlimbs of 
T. rex (with a thicker metatarsal II] visible for its entire length 
throughout the metatarsus and subequal in length to the other 
weight-bearing metatarsals) continue to be published in modern 
vertebrate paleontological literature (e.g., Carroll 1988, 1997; 
Benton 1997). 

The pedal phalangeal formula is 2-3-4-5-0. Digit III is the 
longest, and digits Il and IV are subequal in length. Digit I is 
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FIGURE 5.21. Plots comparing metatarsus length to femur length 
(upper) and tibia length (lower) in tyrannosaurids (solid triangles), or- 
nithomimosaurs (open squares), and other nonavian theropods (x’s). 


reduced but does bear an ungual. The subcylindrical phalanges 
are wider than tall. The pedal unguals are stouter and less later- 
ally compressed than the manual unguals and considerably 
larger. The grooves for the claw sheaths are well developed. The 
unguals are blunter and less tapered than those of carnosaurs 
such as Sinraptor and Allosaurus. 


Systematics and Evolution 


Tyrannosaurids were considered members of Carnosauria for 
many decades (Huene 1932; Colbert 1955; Romer 1956; Walker 
1964; Steel 1970; Gauthier 1986; Bonaparte et al. 1990; Molnar 
et al. 1990). However, as early as the 1920s Huene (1923, 1926c) 
and Matthew and Brown (1922) suggested that these giant thero- 
pods shared a closer phylogenetic position with small coeluro- 
saurian dinosaurs, in particular Ornitholestes and Ornithomim- 
idae, than with other large-bodied theropods, such as Allosaurus 
and Megalosaurus. This hypothesis has since been supported 
in subsequent numerical phylogenetic analyses (Novas 1992b; 
Pérez-Moreno et al. 1993, 1994; Holtz 1994, 1998a, 2001a; 
Sereno et al. 1994, 1996; Forster et al. 1998; Makovicky and Sues 
1998; Sereno 1999a; Currie and Carpenter 2000; Norell et al. 
2000; Rauhut 2003). Subsequently, Tyrannosauridae and 
Tyrannosauroidea are now included within the taxon Coeluro- 
sauria rather than in Carnosauria. 

Within Tyrannosauroidea, Tyrannosauridae has been phylo- 
genetically defined, although this definition has been rendered 


problematic owing to the nature of some of the putative termi- 
nal taxa (Brochu 2002). Sereno (1998) defined this taxon as all 
tyrannosauroids closer to Tyrannosaurus than to Alectrosaurus, 
Aublysodon, or Nanotyrannus, and Holtz (2001b) defined it as all 
descendants of the most recent common ancestor of Tyranno- 
saurus and Aublysodon. However, Aublysodon is based on in- 
determinate (and lost) material, and the derived feature previ- 
ously claimed for it—the lack of serrations on the teeth—may be 
due to postmortem damage rather than actual anatomy (Brochu 
2002; Carr and Williamson, in press). Furthermore, Nano- 
tyrannus lancensis is likely a juvenile Tyrannosaurus rex (Carr 
1999; Holtz 2001b; Brochu 2002; Carr and Williamson, in press); 
and even if it is not, it is almost certainly from a taxon more 
closely related to T: rex than to all other taxa previously regarded 
as tyrannosaurids (Holtz 2001b; Currie 2003b). Finally, Alec- 
trosaurus may be a nomen dubium (Carr et al., in press), and due 
to its incompleteness it is phylogenetically labile (Currie 2003b). 

Here, Tyrannosauridae is defined as comprising Tyrannosaurus 
rex, Tarbosaurus bataar, Daspletosaurus torosus, Albertosaurus sarco- 
phagus, Gorgosaurus libratus, their most recent common ances- 
tor, and all of its descendants. Furthermore, two subclades can 
be defined: Tyrannosaurinae, a stem-based taxon composed of 
Tyrannosaurus rex and all taxa sharing a more recent common 
ancestor with it than with Albertosaurus sarcophagus; and Alberto- 
saurinae, a stem-based taxon composed of A. sarcophagus and all 
taxa sharing a more recent common ancestor with it than with 
T. rex. 

The precise position of Tyrannosauridae, and by implication 
of Tyrannosauroidea, within Coelurosauria is uncertain. Mani- 
raptoriformes was defined (Holtz 1996a) as all descendants of 
the most recent common ancestor of Ornithomimus and modern 
birds. Arctometatarsalia comprises those taxa closer to Ornitho- 
mimus than to modern birds, while Ornithomimus comprises 
those closer to modern birds than to Maniraptora (Holtz 2001a). 
The three main hypotheses of tyrannosaurid relationships within 
Coelurosauria are (1) Tyrannosauridae is a coelurosaurian clade 
outside Maniraptoriformes (Pérez-Moreno et al. 1994; Forster et 
al. 1998; Makovicky and Sues 1998; Norell et al. 2000; Rauhut 
2003); (2) Tyrannosauridae lies within Arctometatarsalia (Pérez- 
Moreno et al. 1993; Holtz 1994, 1998a, 2001a); and (3) Tyranno- 
sauridae lies within Maniraptora (Sereno 1999a). Novas (1992b) 
and Wagner and Gauthier (1999) presented Tyrannosauridae as 
one branch of an unresolved tritomy with Ornithomimosauria 
and Maniraptora; this would also be the strict consensus of the 
three hypotheses presented above. 

The phylogenetic analysis presented here is the same as that 
presented in Holtz et al. (this vol.). This analysis comprises 76 
taxa (with Herrerasauridae as an outgroup) and 638 morpho- 
logical characters. DELTRAN optimization was selected for pur- 
poses of discussing the distribution of derived character states. 
See Holtz et al. (this vol.) for more details of the methodology 
and the structure of the most parsimonious trees beyond the 
portion examined here. 

Figure 5.22 represents the Tyrannosauroidea portion of the 
2,544 most parsimonious trees. These trees have a length of 
2,444, CI = 0.354, RI = 0.715, RCI = 0.253, and HI = 0.662. In 
this analysis Tyrannosauroidea was found to lie outside of the 
Maniraptora-Ornithomimosauria clade Maniraptoriformes, but 
it was united with these taxa above the Compsognathidae in a 
clade that meets Sereno’s (1999a) definition of Tyrannoraptora 
(i.e., Tyrannosaurus, modern birds, their most recent common 
ancestor, and all of its descendants). 

The taxa within Tyrannosauroidea are discussed here from 
more basal forms to those higher on the tree. 
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FIGURE 5.22. Results of phylogenetic analysis 

of tyrannosauroids and related taxa based on 2,544 

most parsimonious trees using 75 ingroup taxa and 

638 characters. Taxa outside the scope of this chapter are 
collapsed down to single branches. The broken lines show two 
alternative positions of Alioramus remotus (one as the sister taxon to 
Tyrannosauridae, the other within Tyrannosaurinae); the dotted lines 
show the seven equally parsimonious positions of Alectrosaurus olseni. Tree 
length = 2,444, Cl=0.354, RI=0.715, RCI=0.253, HI=0.662. 


Bagaraatan ostromi is known only from a partial mandible, a 
partial pelvis, an incomplete hindlimb, a partial sacrum, and 
most of the caudal series from the Late Cretaceous of Mongolia 
(Osmolska 1996). It is apomorphic in its two caudal surangular 
foramina and stout hyposphene-hypantrum articulations in 
the first 16 caudals. As in some ceratosaurs and birds, the astra- 
galus and calcaneum are fused to each other and to the tibia; 
furthermore, the distal portion of the fibula is fused to the tibia 
and tarsus. Osmolska (1996) did not attempt a phylogenetic 
analysis of this taxon but hypothesized that it was the sister 
taxon to Avetheropoda. Here it is found to be closer to Tyranno- 
sauridae, and hence a basal tyrannosauroid, as well as to related 
taxa based on the following derived features: a prominent and 
laterally extending horizontal shelf on the lateral surface of 
the surangular, rostral and ventral to the mandibular condyle; 
the retroarticular process reduced and broadened; and a ventral 
flange on the ischial peduncle of the pubis. However, given the 
fragmentary nature of this taxon and the incomplete nature of 
what is known of B. ostromi, such a position is not particularly 
secure and is likely to change with new information. 

The remaining diagnostic characters for Tyrannosauroidea 
unite a clade composed of Stokesosaurus, Dryptosaurus, and the 
Eotyrannus-Tyrannosauridae group. 

Stokesosaurus clevelandi is based on an ilium from the 
Cleveland-Lloyd Quarry of the Kimmeridgian Morrison For- 
mation of Utah (fig. 5.23; Madsen 1975). Additional material 
includes a premaxilla (Madsen 1974) and a braincase (Chure 
and Madsen 1998), also from the Cleveland-Lloyd Quarry of the 
Kimmeridgian; another ilium from the Morrison of South 
Dakota (Foster and Chure 2000); and an ilium more closely re- 
sembling the South Dakota material than that from the Kimme- 
ridgian Guimarota Coal Mine of Portugal (Rauhut 2000b). The 
latter in fact may belong to a separate basal tyrannosauroid 
genus (Rauhut, pers. comm.). Unfortunately, these associations 
are problematic and circumstantial. Stokesosaurus was a small 
dinosaur, the 22 cm long ilium suggesting an animal only 2-3 m 
long. Madsen provisionally referred it to Tyrannosauridae be- 
cause of the presence of a single midline iliac crest rising dorsally 
from the supracetabular crest and incipient development of a 
ventral hooklike projection and medial support of the pre- 
acetabular blade. As in tyrannosaurids, the ventral ramus of the 
premaxilla is much deeper dorsoventrally than it is long proxi- 
modistally. The braincase is reminiscent of tyrannosaurids in the 
presence of a deep sinus on the ventral surface of the basisphe- 
noid, and it is reminiscent of advanced tyrannosaurids in the 
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FIGURE 5.23. Left ilium of Stokesosaurus clevelandi. Scale = 10 cm. 
(After Foster and Chure 2000.) 


small size of the basal tubera. The braincase also resembles that 
of the coelurosaur Itemirus medullaris, a taxon of uncertain 
affinities, in the presence of deep pockets on the lateral surface 
of the basipterygoid processes. The teeth of the premaxilla dif- 
fer from those of tyrannosaurids in possessing a serrated carina 
along the mesial surface and lacking the buccolingual-oriented 
tooth arcade. However, premaxillary teeth of the tyrannosauroid 
U-shaped cross section are known from both the Morrison For- 
mation (Bakker 1998a, 1998b; there considered dromaeosaurid 
teeth) and the Guimarota Coal Mine (Zinke 1998; Rauhut 
2000b); these may come from the same taxa as the ilia, or they 
may indicate a different taxon. 

Dryptosaurus aquilunguis is known from fragments of the 
skull, caudal vertebrae, a humerus, a partial manus, incomplete 
pubes and ischia, and much of the hindlimb (fig. 5.24; Cope 
1866); it was recently redescribed by Carpenter et al. (1997). 
Denton (1990) suggested that this dinosaur was a coelurosaur; a 
subsequent phylogenetic analysis by Holtz (1998a) supported 
this suggestion. However, Currie (2000) and Carr et al. (in press) 
considered this taxon to be a tyrannosauroid; the latter authors 
note the presence of a greatly enlarged caudal surangular fora- 
men, a semicircular scar on the dorsal margin of the ischium, 
bipartite longitudinal ridges on the cranial edge of the fibula, 
and other synapomorphies shared with Tyrannosauridae. 

Eotyrannus and Tyrannosauridae are united by several derived 
features, including a premaxillary tooth row arcade oriented 
more transversely than rostrocaudally; nasals fused and their 
dorsal surface rugose; D- or U-shaped premaxillary teeth with 
both carinae placed along the same plane perpendicular to the 
long axis of the skull; premaxillary teeth much smaller than max- 
illary teeth; pleurocoelous caudal dorsal vertebrae; the humeral 
ends little expanded; and the ulna facet for the radius trans- 
versely expanded and concave (also in some maniraptorans). 
Premaxillary teeth with a D- or U-shaped cross section are found 
in the Late Jurassic of North America (Bakker 1998a, 1998b) and 


FIGURE 5.24. Known elements of the skeleton of Dryptosaurus aquilunguis. Scale = 1 m. (After Carpenter et al. 1997.) 


Europe (Zinke 1998; Rauhut 2000b), the Early Cretaceous of 
Japan (Manabe 1999), and the base of the Late Cretaceous in 
western North America (Cifelli et al. 1997a; Kirkland et al. 1997). 
These authors have generally referred these specimens to 
Tyrannosauridae or, if serrations were not preserved on the cari- 
nae, to Aublysodon; however, the new information from Eo- 
tyrannus demonstrates the presence of this tooth form in 
nontyrannosaurid tyrannosauroids. 

Eotyrannus lengi is based on a partial skeleton of a medium- 
sized (4-5 m long) primitive tyrannosauroid from the Wessex 
Formation of the Isle of Wight (figs. 5.8, 5.25; Hutt et al. 2001). 
Compared with those of Tyrannosauridae, the forelimbs and 
particularly the manus are long and well developed. As in 
Dryptosaurus, metatarsal III is not preserved, so it is not clear 
whether this taxon possessed an arctometatarsus. The humerus 
of Eotyrannus shows complex internal chambers (Hutt et al. 2001; 
Naish et al. 2001). 

Tyrannosauridae, originally proposed by Osborn (1906), is 
defined as those theropods more closely related to Tyrannosaurus 
rex than to Eotyrannus lengi. Although the discovery of basal 
tyrannosauroids has reduced the morphological gap between 
primitive coelurosaurs and Tyrannosauridae, the latter clade re- 
mains characterized by numerous synapomorphies, including 
the following: the surface of the nasals contacting the maxillae 
facing ventrally; the supratemporal fossa occupying the caudo- 
lateral half of the frontal; the frontal edge notched in the region 
of the lacrimal suture; the supratemporal fenestrae confluent 
over the parietals, forming a sagittal parietal crest; a squamosal 
recess (also in ornithomimosaurs); the jugal pneumatized by a 
foramen in the caudal rim of the jugal antorbital fossa; the 
squamosal-quadratojugal flange constricting the infratemporal 
fenestra; prominent muscular fossae on the dorsal surface of the 
palatines; a palatine foramen on the dorsal surface of the pala- 
tine recess; a transverse nuchal crest at least twice as tall as the 
foramen magnum, rising well above the parietal crest and hav- 
ing a transverse width more than twice the height; a pair of tab- 
like processes on the supraoccipital wedge; the caudal tympanic 
recess extending into the opisthotic caudodorsal to the fenestra 
ovalis, confluent with this fenestra; a deep basisphenoid sphe- 
noidal sinus with large foramina; the basisphenoid having a 
well-developed subcondylar recess (also in ornithomimosaurs); 
the supraoccipital excluded from the foramen magnum; a tri- 
partite supraoccipital sinus; the coronoid and supradentary fused 
(Hurum and Currie 2000; although this apparent synapomorphy 


FIGURE 5.25. Restored skull of Eotyrannus lengi. Scale = 10 cm. 
(After Naish et al. 2001.) 


may be due to the better preservation of tyrannosaurid skulls 
compared with those of most other toothed theropods, as this 
condition is also found in allosauroids and dromaeosaurids 
{Holtz et al., this vol.]); the retroarticular process further reduced 
until it is simply a broad, shallow, concave semicircular plate; 
the vertical ridge on the distal surface of the premaxillary teeth 
strongly developed; the maxillary and dentary incrassate (the 
cross section greater than 60% as wide labiolingually as long 
mesiodistally in adults); the carninae of the dentary teeth asym- 
metrical with the long axis of the dentary (also in allosaurids 
and Acrocanthosaurus); small ventral projections on the ventral 
sides of the cranial cervical centra; the dorsal series subequal to 
the femur length; the midcaudal vertebrae cranial zygapophyses 
extending more than one-half but less than one centrum length 
(also in ornithomimosaurs and coelophysids); the distal caudal 
spinous processes axially elongate; the cranialmost gastralia fused 
into a platelike mass (although this may be more widespread 
among large-bodied tetanurans [see Holtz et al., this vol.]); the 
scapula contributing more than one-half to the glenoid; the 
coracoid dorsoventral length five times or more the coracoid 
glenoid diameter; the femur-humerus ratio greater than 2.6; the 
distal articular surface of the ulna expanded transversely; the 
distal end of the radius flattened craniocaudally; metacarpal III 
lacking phalanges; the ilium craniocaudal length subequal to 
or greater than the femur length; the pubic tubercle crestlike 
and pointing cranially; the ischial tuberosity expanded into a 
proximal dorsal ischial process; the most proximal point of the 
cranial trochanter extending above the proximal margin of 
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the femoral head; a pronounced, rugose, cranially facing prox- 
imal tuberosity on metatarsal V; metatarsals II and IV contact- 
ing at midshaft on the plantar surface; an arctometatarsus; 
and a short contact between metatarsals II and IV on the dor- 
sal surface of the proximal end of the metatarsals (also in 
Ornithomimidae). 

Most previous studies of the phylogenetic relationships of 
tyrannosaurid taxa (Matthew and Brown 1922; Russell 1970a; 
Bakker et al. 1988; Paul 1988a; Carpenter 1992b) have not em- 
ployed explicit numerical cladistic analyses. Holtz (2001b) pre- 
sented a preliminary cladistic study. Subsequent to that analy- 
sis, new data on some of these taxa strongly support them as 
juveniles of other tyrannosaurid taxa (Currie and Dong 2001b; 
Carr and Williamson, in press) and/or revealed additional data 
on those individuals (Carr and Williamson 2000). Carr (1999), 
Currie and Dong (2001b), Carr and Williamson (in press), and 
Currie (2003a) further observed some of the difficulties in dis- 
tinguishing taxonomic from ontogenetic features in tyranno- 
saurids. Their work suggests that many of the differences in bone 
and landmarks shape, orientation, and proportions in juvenile 
and subadult Gorgosaurus libratus relative to adult forms are the 
same differences used by various previous authors to diagnose 
smaller individuals as different taxa (Maleevosaurus, Shanshano- 
saurus, and Nanotyrannus) from larger sympatric taxa (Tarbo- 
saurus, Tarbosaurus, and Tyrannosaurus, respectively). Among 
these changes are development of cranial ornamentation, dorso- 
ventral deepening of the skull relative to its length, and a pro- 
portional increase in tooth size and labiolingual diameter. Carr 
(1999) and Brochu (2002) considered the last trait to result in an 
ontogenetic decrease in tooth number, as the distalmost tooth 
positions have been lost; Currie (2003a) disagrees. Holtz (1995b) 
and Currie (2000, 2003a) demonstrated that in tyrannosaurids 
(and other nonavian theropods) the proportions and gracility 
of the distal limb elements decrease as body size increases. Thus, 
larger tyrannosaurids have shorter and stouter tibiae and meta- 
tarsi than do smaller individuals, both juveniles of the same 
species and adults of smaller species. Hindlimb element propor- 
tions and gracility remain a problematic source of taxonomic 
information, although Currie (2003a) has established some 
general patterns. Complicating the question of gracility is the 
problem of sexual dimorphism. The presence of robust and gracile 
morphs within the species Tyrannosaurus rex has been described 
by Carpenter (1990a) and Larson (1994, 1997), with the robust 
morph tentatively identified as the female. Pending future mor- 
phometric studies, these suppositions should be treated cau- 
tiously; nevertheless, they do suggest a degree of variability in 
the limb and pelvic proportions within a single tyrannosaurid 
species. Furthermore, Carpenter (1990a) has demonstrated that 
the degree of cranial ornamentation within T. rex can vary, with, 
for example, some forms lacking highly rugose nasals and post- 
orbital bosses, others having one ornamentation but not the 
other, and still others having both. 

Interestingly, although the basal synapomorphies for Tyran- 
nosauridae as a whole are divided between the skull and the 
postcranial skeleton, almost all of the potential synapomorphies 
within the clade are cranial. Similar situations exist for other 
dinosaur taxa (Ceratopsidae, Hadrosauridae, etc.), where the 
skulls may be distinctive but the postcranial skeleton was con- 
stant within the clade. However, there has been little direct 
study of the variation in tyrannosaurid postcrania, and future 
analysis may indeed reveal more diagnostic characters outside 
of the skull. 

Like Currie (2003a), this study supports a split in Tyranno- 
sauridae between a gracile Albertosaurinae and the more robust 
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Tyrannosaurinae. Paul (1988a) recommended a similar division 
but used the generic terms Albertosaurus and Tyrannosaurus for 
these clades. Two Asian tyrannosauroids have a problematic 
distribution: Alectrosaurus, which is not well known; and Alio- 
ramus, known from a partial skull and a fragmentary post- 
cranium. In this analysis Alectrosaurus can equally parsimo- 
niously assume nearly any phylogenetic position near the base 
of Tyrannosauridae—as the sister taxon to this clade, as a basal 
albertosaurine, or as a basal tyrannosaurine (fig. 5.22); Aliora- 
mus falls either as the sister taxon to Tyrannosauridae or as a 
tyrannosaurine closer to Tarbosaurus and Tyrannosaurus than to 
Daspletosaurus. 

Albertosaurinae, a clade formed by the unnamed Alabama 
tyrannosaurid and the western North American Gorgosaurus 
and Albertosaurus, is united by having an antorbital cavity that 
reaches nasomaxillary suture, the lateral surface of nasal ex- 
cluded from the antorbital cavity; and a triangular cornual 
process on the lacrimal, oriented dorsally and placed rostral to 
the descending ramus of the lacrimal. Currie (2003a) presents 
data suggesting that albertosaurines have slightly shorter and 
lower skulls, shorter ilia, longer tibiae, longer metatarsals, and 
longer toes than tyrannosaurines of the same body size (esti- 
mated by femur size); however, the Alabama tyrannosaurid 
was not included in this analysis, so it is not certain whether 
these traits are shared by this taxon as well. 

The as yet unnamed tyrannosaurid from Alabama is the only 
confirmed species of this clade from the eastern portion of North 
America (Carr et al., in press), although Schwimmer (1997), Baird 
(1989), and Schwimmer et al. (1993) have also described frag- 
mentary tyrannosaurid elements from this region. This taxon is 
diagnosed by an antorbital fossa deep over the horizontal ra- 
mus; a nasal with a row of six midline rugosities (similar to the 
more pronounced structures in Alioramus); a wide jugal process 
of the ectopterygoid, with the caudal pneumatic recess situated 
rostral to the caudal margin of the vomeropterygoid process; the 
articular surface of the lacrimal situated dorsally; and a promi- 
nent lip extending from the dorsal margin of the articular sur- 
face of the pedal unguals. Unlike the present study, Carr et al. (in 
press) considered this taxon to lie outside of Tyrannosauridae. 
The Alabama tyrannosaurid is small (having an approximate 
body length 6 m); however, as this is also a juvenile (Carr et al., 
in press), it may have reached the size of other albertosaurines. 

The two Canadian genera of Albertosaurinae, Gorgosaurus 
and Albertosaurus, share the following derived characters: the 
extent of the ventral curvature of the maxilla less than the length 
ofthe crown of the largest premaxillary teeth (however, this trait 
is ontogenetically linked [Carr 1999]; given the nonadult status 
of the Alabama tyrannosaurid [Carr et al., in press], it may have 
been present in the adults of the eastern albertosaurine, and 
as it is present in Tyrannosaurinae, it would thus be basal to 
Tyrannosauridae as a whole); multiple openings in the lacrimal 
recess; two foramina on the lateral surface of the palatine; and 
two foramina leading to the ectopterygoid sinus. Many authors 
(Russell 1970a; Paul 1988a; Carpenter 1992b; Brochu 2002; Carr 
and Williamson, in press) consider these two species to be mem- 
bers of the same genus; others (Bakker et al. 1988; Holtz 1994, 
2001b; Currie 2000, 2003a, 2003b) retain the original generic 
names. 

Gorgosaurus libratus is known from more complete material 
than any other North American species of tyrannosaurid (Lambe 
1914), including most of the ontogenetic series (Carr 1999; 
Currie 2003a). To date, diagnostic material has been confirmed 
from only the upper Campanian Dinosaur Park Formation of 
Alberta; additional specimens, and especially isolated postcrania 


from other contemporaneous formations referred to this taxon 
(e.g., the Two Medicine and Judith River formations of Montana 
and the Fruitland and Lower Kirtland formations of New Mex- 
ico), have yet to be demonstrated as actually representing G. li- 
bratus. In fact, Carr and Williamson (2000) failed to discover any 
remains of albertosaurine material from the numerous tyranno- 
saurid bones from the Late Cretaceous of New Mexico. 

The improper assignment to this species of a skull referable 
to Daspletosaurus torosus (Carr 1999) has unfortunately formed 
the basis of the main reconstruction of the dinosaur in recent 
decades (Russell 1970a). Gorgosaurus libratus can be diagnosed by 
the following autapomorphies: the first maxillary tooth incisi- 
form; a palatine with a slotlike articular surface for the maxilla; 
and the articular surface of the maxilla not reaching the dorsal 
margin of the maxillary ramus of the palatine (Carr et al., in 
press). The orbit of Gorgosaurus is more circular than those of 
other tyrannosaurids, even in adults; this circularity is achieved 
by the cranial extension of the ventral end of the ventral ramus 
of the postorbital to nearly contact the descending ramus of 
the lacrimal. Gorgosaurus is known to have femoral lengths of 
105 cm and skull lengths of almost 1 m; adult individuals range 
up to approximately 9 m in length. 

Albertosaurus sarcophagus is known only from the lower 
Maastrichtian Horseshoe Canyon Formation of Alberta (Os- 
born 1905); no material referred to this taxon from outside this 
unit has yet demonstrated derived features of the species. Lambe 
(1904a) and Osborn (1906) described the skull, but much of the 
postcranial except for the cervical and caudal regions was later 
described under the name Albertosaurus arctunguis Parks, 1928. 
The juvenile tyrannosaurid from the Horseshoe Canyon For- 
mation referred to Daspletosaurus (a taxon otherwise unknown 
from the Maastrichtian) by Russell (1970a) is almost certainly a 
juvenile Albertosaurus. Additional material is described by Currie 
(2000, 2003b). 

Albertosaurus is comparable to (perhaps slightly smaller than) 
Gorgosaurus in size. However, it is similar to Daspletosaurus and 
the Two Medicine tyrannosaurine in having dorsally oriented 
lacrimal horns. It shares with Tyrannosaurus and Tarbosaurus a 
caudoventrally oriented occipital region, reduced basal tubera, 
two or more foramina on the lateral surface of the palatine, and 
(with Tyrannosaurus but not Tarbosaurus) a caudally expanded 
scapula and large deltopectoral crest. In Albertosaurus each ba- 
sisphenoid foramen lies within a distinct fossa. The rostral matr- 
gin of the postorbital suborbital prong is jagged rather than 
smooth in Albertosaurus, suggesting the presence of a tendinous 
sheet beneath the orbit homologous to the fully ossified condi- 
tion found in Gorgosaurus. 

Tyrannosaurinae, originally named by Osborn (1906), is a 
clade consisting of Daspletosaurus, Tarbosaurus, and Tyranno- 
saurus (and possibly Alioramus), based on the following derived 
features: the extent of the ventral curvature of the maxilla at 
least the length of the crown of the tallest premaxillary teeth; 
the promaxillary fenestra oriented rostrally; the maxillary fen- 
estra expanded, one-half to two-thirds of the area of the eyeball- 
bearing portion of the orbit; the cranial margin of the maxil- 
lary fenestra terminating along the cranial margin of the 
antorbital fossa; the internal antorbital fenestra as tall as or 
taller than it is long; the caudal portion of the nasals pinched 
between the lacrimals, the thinnest point approximately half 
the transverse width of the thickest point or less; the margin of 
the external antorbital fenestra on the craniolateral surface of 
the descending ramus of the lacrimal flattening out and not 
continued on the surface of the jugal; the palatine foramen on 
the dorsal surface of the palatine recess large; the ectoptery- 


goid internal sinus enlarged, resulting in an inflated appearance 
of the ectopterygoid body; the midcervical centra less than half 
as long as the height of the vertical face (the neck much shorter 
than the dorsal series); craniocaudal length of the ilium greater 
than the femoral length; and the pubic boot greater than 60% 
as long as the pubic shaft. Brochu (2002) cautions that at least 
some of these features might be allometric, and consequently 
these apparent synapomorphies might simply be the result of 
any reaching comparable body size in tyrannosaurids. Currie 
(2003a) has demonstrated that for most of these attributes ju- 
venile albertosaurines and tyrannosaurines have identical pro- 
portions, but among larger individuals of the same body size 
the morphology of the two clades diverges. This suggests an 
origin of Tyrannosaurinae through hypermorphosis (exaggera- 
tion of, and addition to, adult features found in the ancestral 
condition). 

The two North American tyrannosaurines have a more 
widespread geographic distribution than do the albertosaurine 
species, ranging from Canada to the American Southwest (Carr 
and Williamson 2000). 

Daspletosaurus torosus was originally named by Russell (1970a). 
Although it is known from the Oldman Formation (contra Holtz 
2001b), other specimens from the Dinosaur Park Formation of 
Alberta (Currie 2003a, 2003b) and the Two Medicine Formation 
of Montana (Horner et al. 1992; Holtz 2001b) may represent the 
same species or one or more closely related ones. Other material 
sharing the convex tablike process on the dorsolateral surface 
of the postorbital is known from the Kirtland Formation of 
New Mexico (Lehman and Carpenter 1990; Carr and Williamson 
2000; Holtz 2001b). Lehman and Carpenter (1990) and Holtz 
(2001b) considered this material as representing a taxon closely 
related to “Aublysodon mirandus” (now a nomen dubium), al- 
though they observed the Daspletosaurus configuration of the 
postorbital. Carr and Williamson (2000) assigned it to Daspleto- 
saurus sp. and gave a preliminary description of a possible new 
species based on a subadult individual. Daspletosaurus is diag- 
nosed by a convex tablike process on the dorsolateral surface of 
the postorbital. 

Tarbosaurus and Tyrannosaurus share the following features: 
the ventral curvature of the maxilla pronounced, the ventral 
deflection of the curvature being at least as long as the crown of 
the largest premaxillary teeth; the lateral lamina of the maxilla 
obscuring the large shelf overlapping the rostral part of the max- 
illary antrum in lateral view; the lateral projections of the cau- 
dal suture of the nasal extending farther caudally than the medial 
projections; the dorsal ramus of the lacrimal having an inflated 
appearance; the lacrimal recess having multiple openings; the 
main body of the frontal rectangular, only a small triangular ros- 
tral prong remaining; the supratemporal fossa occupying most 
of the caudal portion of the frontal, the latter meeting along the 
midline to form a frontal sagittal crest; the postorbital dorsal 
surface forming a large rugose boss in adults; the postorbital 
suborbital prong present and prominent in adults; the pala- 
tines trapezoidal; two foramina on the lateral surface of the 
palatines (also in the Canadian albertosaurines); the transverse 
nuchal crest rostrocaudally thick with a rugose dorsal margin; 
the basal tubera reduced, being smaller than the ventral ends 
of the basipterygoid processes; the occipital region directed 
caudoventrally; the dorsoventral depth of the caudal end of the 
dentary greater than 200% of the depth of the dentary symphy- 
sis; the ratio of metacarpal II to metacarpal I 170% or less; and 
the manual ungual having blunted distal tips and reduced cur- 
vature. Some authors (Paul 1988a; Carpenter 1992b; Holtz 
1994, 1995b, 2001b; Carr 1999; Carr and Williamson, in press) 
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have placed both the giant Asian form and the giant North 
American form in the single genus Tyrannosaurus. 

Tarbosaurus bataar, originally referred to Tyrannosaurus (Ma- 
leev 1955b), is based on different ontogenetic stages (Rozhdest- 
vensky 1965; Carr 1999; Currie 2000, 2003a). A partial small 
tyrannosaurid skeleton from the coeval Subashi Formation in 
China was once referred to its own genus and species, Shan- 
shanosaurus houyanshanensis Dong, 1977; however, reanalysis 
by Currie and Dong (2001b) reveals that the supposed autapo- 
morphic traits of this taxon (Dong 1977; Paul 1988a; Holtz 
2001b) are due to misinterpretation of the anatomy, and this 
taxon might well represent an extremely young T. bataar. Hu- 
rum and Sabath (2003) have reexamined the skull of Tarbosaurus 
based on new material. Unlike in Tyrannosaurus and other North 
American tyrannosaurids but as in Alioramus, the nasal lacks a 
caudally oriented lacrimal process. The caudodorsal process of 
the maxilla is more massive even than in T: rex. The caudal 
surangular foramen is reduced compared with those in all other 
tyrannosaurids. Hurum and Currie (2000) demonstrated that 
the articulation of the intramandibular joint in Tarbosaurus pro- 
duced a locking mechanism not seen in other Tyrannosauridae. 
The forelimb of Tarbosaurus is more reduced than in all other 
tyrannosauroids (Holtz 2001b; Currie 2003a), with a femur- 
humerus ratio of greater than 3.5 and a metacarpal I greater 
than one-half the length of metacarpal II due to the reduction 
of the latter bone. Thus the general theropod reduction in digi- 
tal and metacarpal elements from digit V toward digit I (Wagner 
and Gauthier 1999) is seen in this species more so than in other 
tyrannosaurids (or indeed than in most nonalvarezsaurid thero- 
pods). T. bataar is comparable to Tyrannosaurus rex in size: adults 
have a skull length of more than 130 cm. 

Tyrannosaurus rex is the last and largest known tyrannosaurid 
(Osborn 1905), having a premaxilla-occipital condyle length 
of 153 cm and a femur length of 138 cm. It was widespread 
throughout the North American West during the last few mil- 
lion years of the Cretaceous. Tyrannosaurus demonstrates the 
greatest constriction of the nasals between the lacrimals (less 
than one-sixth the maximum nasal thickness). The rostralmost 
point of the quadratojugal ventral process is rostral to the infra- 
temporal fenestra. As in Daspletosaurus, the distal margin of 
metatarsal III is sigmoid with a concavity in the distolateral 
margin in cranial view; and as in Albertosaurus, the scapula is 
expanded caudally. Tyrannosaurus shows the greatest lateral ex- 
pansion of the skull found in tyrannosaurids (Holtz 2001b; 
Currie 2003a), with the transverse width of the rostrum at the 
caudal end of the maxillary tooth row approximately three times 
the maximum width of the nasals and the maximum postorbital 
skull width more than two-thirds the length of the premaxilla- 
occipital condyle. Consequently, the orbits of Tyrannosaurus face 
more rostrally than laterally (Molnar 1991). 

Some small tyrannosaurids from the Hell Creek Formation 
of Montana previously treated as Albertosaurus or Aublysodon 
(Molnar 1978, 1980a; Currie 1987a; Paul 1988b; Molnar and 
Carpenter 1989; Holtz 1994, 2001b) almost certainly document 
juveniles of Tyrannosaurus (Carr and Williamson, in press; 
Currie 2003a). Of special note is a 57 cm long skull from the Hell 
Creek Formation of Montana described by Gilmore (1946a) as 
Gorgosaurus lancensis and subsequently referred to its own genus, 
Nanotyrannus (Bakker et al. 1988). Because of some similarities 
with adult Tyrannosaurus rex, these authors and others (Russell 
1970a; Carpenter 1992b) voiced suspicion that this skull might 
represent a juvenile of that larger sympatric species. However, 
based on the different dental formula, more ziphodont teeth, 
and apparent cranial suture fusions, this taxon was retained in 
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some recent reviews (Molnar et al. 1990; Holtz 1994). Most of 
the skull surface, however, demonstrates the presence of striated 
cortical bone (Carr 1999), as is found in other juvenile ornitho- 
dirans (Bennett 1993; Sampson 1993). 

Furthermore, the fusion of various cranial bones has been 
disputed (Carr 1999). Additionally, the changes in lateral tooth 
shape and maxillary tooth number used to distinguish “Nano- 
tyrannus” from Tyrannosaurus also occur in the growth series of 
Gorgosaurus (but see Currie 2003a, 2003b). Furthermore, the skull 
of “Nanotyrannus” demonstrates several T: rex autapomorphies 
(Carr 1999; Holtz 2001b; Brochu 2002; Carr and Williamson, in 
press). “Nanotyrannus” represents either a juvenile Tyrannosaurus 
rex or the juvenile of another tyrannosaurine sympatric with 
T. rex, closer to T. rex than to all other tyrannosaurids but not 
yet recognized from adult material. The discovery of either 
an adult Nanotyrannus that can be clearly distinguished from 
Tyrannosaurus rex or a juvenile T: rex of the same skull length 
and/or ontogenetic stage as, but morphologically distinct from, 
Nanotyrannus would resolve this taxonomic situation. 

Alectrosaurus olseni is known from the Iren Dabasu Formation 
of Inner Mongolia, People’s Republic of China (Gilmore 1933a); 
questionably referred material of A. olseni also comes from the 
Bayanshiree Formation of Mongolia, units of uncertain Late 
Cretaceous age (most probably younger than Cenomanian and 
possibly as young as Campanian [Currie and Eberth 1993]). The 
original material of A. olseni consists of hindlimb and pelvic 
elements; additional material described by Gilmore (1933a) 
has since proven to come from a therizinosauroid (Mader and 
Bradley 1989). The material from China is difficult to diagnose 
relative to other tyrannosaurids, and the discovery of cranial 
elements does not resolve this situation. Thus, in this analysis 
Alectrosaurus remains a problematic primitive tyrannosaurid. 
Material from Mongolia referred to this taxon by Perle (1977) is 
more complete; Currie (2000) described the presence of two 
to three incisiform maxillary teeth, which would constitute an 
autapomorphy for this taxon. However, the Bayanshiree fossils 
are not definitely referable to Alectrosaurus and await adequate 
description. Currie (2000a) estimates the total length of Alectro- 
saurus (and the Bayanshiree taxon, if different) to be less than 
5 m. The “aublysodontine” teeth from the uppermost Cedar 
Mountain Formation of Utah referred to by Kirkland et al. (1997) 
and Cifelli et al. (1997a) as cf. Alectrosaurus have not yet been 
demonstrated to be morphologically more similar to that Asian 
taxon than to other tyrannosaurids. 

Alioramus remotus is a problematic tyrannosaurid known only 
from a partial skull and associated metatarsals from the Nogoon 
Tsav beds of the Ingenii H6évoér valley, Mongolia (Kurzanov 
1976b). The reconstruction of Kurzanov (1976b) fails to correct 
for dorsolateral crushing of the braincase; the restoration in Paul 
(1988a) corrects for this and uses a short rather than a pointed 
premaxilla. The skull length is estimated at approximately 45 cm 
(Currie 2000). 

In some ways this taxon is primitive, retaining a high tooth 
count, a low snout, and a long, slender dentary. However, the 
ontogenetic stage of this individual is uncertain, and these fea- 
tures are found in juveniles of other tyrannosaurs, only to be lost 
in adulthood (Carr 1999; Currie 2003b). Alternatively, it shares 
many attributes with tyrannosaurines in general, and with 
Tarbosaurus and Tyrannosaurus it shares a transverse nuchal crest 
that is rostrocaudally thick with a rugose dorsal margin; reduced 
basal tubera, smaller than the ventral ends of the basipterygoid 
processes; and an occipital region directed caudoventrally. With 
Tarbosaurus in particular it shares the lack of a caudally oriented 
lacrimal process. Hurum and Sabath (2003) suggest that Tarbo- 


saurus and Alioramus may be sister taxa, and Hurum (pers. comm.) 
suggests that they may form a clade to the exclusion of the 
North American tyrannosaurids. Previously described differences 
between the braincase of this dinosaur and that of other tyran- 
nosaurids (Kurzanov 1976a; Holtz 2001b) have proven spurious 
(Currie 2003a). Currie (2003a) suggests that “Alioramus” might 
be a juvenile Tarbosaurus but notes that the higher tooth count 
and the prominence of the nasal crests make this improbable. 

The following four taxa represent species not examined phy- 
logenetically for this analysis but for which there is some tenta- 
tive evidence for a position within Tyrannosauroidea but almost 
certainly outside of Tyrannosauridae. 

“Chilantaisaurus” maortuensis was originally described by 
Hu (1964), although no overlap exists between the fossil mate- 
rial of this taxon and the considerably larger basal tetanuran 
Chilantaisaurus tashuikouensis. “C.” maortuensis is based on a 
partial skull (including an incomplete snout and braincase), an 
axis, and six caudal vertebrae recovered from the Dashuigou 
Formation, at Maortu, north of Lake Chilantai, Inner Mongo- 
lia, People’s Republic of China. Chure (1998a, in press) has re- 
examined the material for this species and indicates that it 
is characterized by the possession of only 12 maxillary teeth, a 
large pneumatic chamber in the nasals, small invasion of the 
frontals by M. pseudotemporalis profundus, a sagittal crest 
composed of the frontals and parietals, small fused interdental 
plates, lack of a groove for the interdental artery, and a highly 
pneumaticized and rostrocaudally shortened basicranium. It 
may be a coelurosaur, but affinity with any particular group is 
uncertain at present. The reduced tooth count, the sagittal crest, 
and the highly pneumatized basicranium are reminiscent of 
tyrannosauroids. 

Itemirus medullaris, known only from an isolated braincase, 
comes from the upper Turonian Central Kyzlkuum Sands at 
Dzhara-Kuduk, Itemir, Uzbekistan (Kurzanov 1976b). This ma- 
terial is thought to come from an old individual, as almost all 
sutures are obliterated by fusion. Opening into the endocranial 
cavity from the region of the middle ear is an extensive cham- 
ber, the recessus interacusticus. Kurzanov (1976b) concluded 
that I. medullaris was the sole member of Itemiridae, related to 
both Tyrannosauridae and Dromaeosauridae (and more closely 
to the latter than the former). 

The braincase shows none of the specializations of ornitho- 
mimosaurs, troodontids, oviraptorosaurs, or therizinosauroids. 
The basipterygoid processes are prominent and longer than the 
basal tubera but not to the extent found in, among others, 
carnosaurs or tyrannosaurids. The basipterygoid processes bear 
characteristic deep lateral excavations. These last features are 
also found in the braincase referred to Stokesosaurus clevelandi 
(Chure and Madsen 1998). 

Labocania anomala, based on a frontal, a quadrate, an in- 
complete maxilla and dentary, a hemal process, a proximal is- 
chium, metatarsal II, and other fragments from the Campanian 
“La Bocana Roja” Formation, near Arroyo del Rosario, Baja Cal- 
ifornia, Mexico (Molnar 1974), shows several tyrannosauroid 
features: a hollow quadrate, a triangular obturator process on 
the ischium, and the semicircular scar on the caudolateral sur- 
face of the proximal ischium. These features are also found in 
other coelurosaurs, however. The flattened lateral surface of meta- 
tarsal II is reminiscent of the buttressing surfaces of tyranno- 
saurid arctometatarsi but would also be consistent with the 
general tetanuran condition of metatarsal II being slightly 
compressed within the metatarsus (as in Allosaurus or Sinraptor). 
In some features, however, Labocania differs from tyrannosaurids 
and resembles abelisaurids such as Majungatholus, Carnotaurus, 


and Abelisaurus: the frontals are thick, and the fragmentary 
quadrate indicates that it was markedly angled caudoventrally, 
not vertical as in tyrannosaurids. The dorsal surface of the 
frontal shows no sign of the supratemporal muscle scar that is 
present in all tyrannosaurids. The hemal process is L-shaped 
with a longer distal than cranial extension, similar to those in 
the end of the proximal portion of the series in tyrannosaurids 
or the middle of the series in carnosaurs but unlike the vertical 
and tapered hemal processes of ceratosaurs. The maxillary teeth 
are ziphodont, unlike those of Tyrannosauridae; the premaxil- 
lary teeth lack the U-shaped cross section of tyrannosaurid teeth 
and are more similar to those of carnosaurs, basal tetanurans, 
or ceratosaurs. Although the possibility exists that Labocania 
represents some highly apomorphic member of the tyranno- 
sauroid clade, there are no potential synapomorphies uniting 
the Mexican taxon to Tyrannosauroidea that are not found in 
other taxa (in part or as a whole). The phylogenetic position of 
this enigmatic and poorly known form, even whether it is abeli- 
saurid, coelurosaurian, or some other taxon, remains uncertain. 
Santanaraptor placidus is known only from a single incom- 
plete skeleton (both ischia, hindlimbs, caudal vertebrae, and 
unidentified bones) from the Aptian Romualdo Member of the 
Santana Formation of the Araripe Basin, northeastern Brazil 
(Kellner 1999). The triangular obturator process indicates that 
this theropod was a coelurosaur; the proximal placement of the 
process supports its being a nonmaniraptoran. The diverging, 
rather than parallel, sides of the obturator notch are consistent 
with this form as a tyrannosauroid or maniraptoran. The meta- 
tarsals are not arctometatarsalian. Kellner (1999) diagnoses San- 
tanaraptor by the presence of a foramen at the base of the cranial 
trochanter, a well-developed sulcus on the femoral head, and a 
fibular trochlea of triangular shape and constricted at the base. 
This taxon was found with mineralized soft tissue, including 
muscle fibers (Kellner 1996a; Kellner and Campos 1998). 


Paleobiology 


Tyrannosauroids were probably absent from the most arid paleo- 
environments (e.g., that preserved in the Djadokhta Forma- 
tion), as might be expected from medium- to enormous-sized 
carnivores requiring substantial amounts of animal flesh for 
food. Some of the most basal (Stokesosaurus, Eotyrannus) and 
derived (Tyrannosaurus) tyrannosauroids dwelt in environments 
with marked seasonality, as recorded in the Morrison (Dodson 
et al. 1980; Demko and Parrish 1998), Wessex (Allen 1998), and 
Frenchman (MclIver 2002) formations, respectively. They were 
also common in more mesic environments, as recorded in the 
deltaic and fluviolacustrine deposits of the Nemegt (Jerzykiewicz 
2000), Two Medicine (Trexler 2001), and Hell Creek (Retallack 
1997) formations. Regardless of the degree of seasonality found 
in these sedimentary units, the rocks that produce tyranno- 
sauroid fossils tend to have a high abundance and high diversity 
of large-bodied herbivorous dinosaurs. 

Early tyrannosauroids, such as Stokesosaurus and Eotyrannus, 
were considerably smaller than some of the other theropods 
in their environment (Allosaurus, Torvosaurus, and Ceratosaurus 
in the former case; Baryonyx and Neovenator in the latter) and 
consequently were likely secondary predators for these faunas. 
In contrast, Campanian-Maastrichtian formations of North 
America and eastern and central Asia have not yet yielded any 
carnivorous theropods within two orders of magnitude of the 
estimated mass of the adult tyrannosaurid (Foster et al. 2001) 
despite the presence of an extraordinarily diverse herbivorous 
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dinosaur fauna. Thus, it is likely that Tyrannosauridae proper 
were the top carnivores of North America and Asia during the 
last twenty or so million years of the Cretaceous. It may be that 
tyrannosaurids filled many different predatory niches between 
hatching and adulthood that in earlier dinosaurian assemblages 
were occupied by different theropod species in each size class 
(Foster et al. 2001). Whether the dominance of tyrannosaurids 
and the absence of allosauroids (which had previously been 
present) in Late Cretaceous North America was due to the for- 
mer clade’s outcompeting the latter or whether the allosauroids 
had already died out for other reasons cannot yet be determined 
because of the poor fossil record of the transitional period. 

Since adult tyrannosaurids were the largest terrestrial car- 
nivores in their habitat, potential prey items would include 
ceratopsians, pachycephalosaurs, a variety of ornithopods, 
ankylosaurids, nodosaurids (in North America), titanosaurids, 
therizinosauroids, ornithomimosaurs, dromaeosaurids, ovi- 
raptorosaurs, troodontids, and other tyrannosaurs. Of these, 
hadrosaurids and ceratopsids are by far the most common large 
faunal components of the western North American tyrannosaur- 
bearing formations, and the hadrosaurs are abundant in the 
Iren Dabasu, Bayanshiree, and Nemegt formations of the Mon- 
golian region. Russell (1970a) has even suggested that the more 
powerfully built and rarer Daspletosaurus was a specialist on feed- 
ing on ceratopsids, while the more common Gorgosaurus fed on 
hadrosaurids, since in the Judith River Group hadrosaurs are 
more common than the (presumably more difficult to dispatch) 
ceratopsids. In Asia and in southern North America titano- 
saurian sauropods are added to the potential prey. A probable 
Tyrannosaurus coprolite from the Frenchman Formation of 
Saskatchewan (Chin et al. 1998) and the preserved gut contents 
of a partial skeleton of Daspletosaurus sp. from the Two Medicine 
Formation of Montana (Varricchio 2001a) document partially 
digested bones of juvenile ornithischians as food sources for 
tyrannosaurids. 

Definitive tyrannosauroid material has yet to be reported 
from Gondwana (unless Santanaraptor is discovered to lie within 
this clade). Stokesosaurus from the Jurassic is reported in both 
North America and Portugal, and Eotyrannus from the Early Cre- 
taceous is reported in Britain. Teeth of the incrassate tyranno- 
sauroid form do not appear in Asian or North American forma- 
tions (despite excellent tooth and bone assemblages in the 
Kimmeridgian, Barremian, Aptian, and Albian) until they are 
documented at the Albian-Cenomanian boundary in Utah (Ci- 
felli et al. 1997b; Kirkland et al. 1997). This suggests that Tyranno- 
sauridae proper originated in North America (Carr et al., in 
press), although Tyrannosauroidea was more geographically 
widespread. As with pachycephalosaurs and neoceratopsians 
(Sereno 1997) the phylogeny of tyrannosaurids is not consistent 
with a single simple dispersal event between Asia and North 
America. Members of Tyrannosaurinae are present on both sides 
of the Pacific, and the problematic Asian form Alectrosaurus 
complicates matters, as it might be an albertosaurine, a primi- 
tive tyrannosaurine, or a sister group to Tyrannosauridae. No 
Late Cretaceous tyrannosauroids have been collected from Eu- 
rope, even though a Barremian form (Eotyrannus) was present. 
This distribution is similar to that of Pachycephalosauria, with 
Early Cretaceous European representatives (Yaverlandia, Stenopelix) 
but no Late Cretaceous European forms. 

Among the Late Cretaceous tyrannosauroids, none have been 
reported outside of North America or eastern and central Asia. 
Albertosaurines are restricted to North America at present (un- 
less Alectrosaurus lies within this clade), and within Alberto- 
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saurinae the Gorgosaurus-Albertosaurus clade is known only from 
the northern part of the Western Interior. In contrast, tyranno- 
saurines are known from both Asia (Tarbosaurus, and Alioramus 
if it is a tyrannosaurine) and western North America (Daspleto- 
saurus and Tyrannosaurus), and the latter two forms are known 
throughout the Western Interior region. 

Comparing the distribution of albertosaurines with that of 
tyrannosaurines in the Campano-Maastrichtian Western Inte- 
rior yields a signal that is similar to that of sympatric large- 
bodied ornithischians (Lehman 2001). Albertosaurines, lambeo- 
saurines, and centrosaurines were common in the northern part 
of the Western Interior during the Campanian and early Maas- 
trichtian but are rare or absent in the southern part of this range 
during this interval. At these same times, tyrannosaurines 
(Carr and Williamson 2000), hadrosaurines, and chasmo- 
saurines made up the numerically dominant representatives of 
Tyrannosauridae, Hadrosauridae, and Ceratopsidae in the South- 
west. During the late Maastrichtian, albertosaurines and centro- 
saurines were extinct and lambeosaurines rare or absent, and 
the dinosaur assemblages of the Western Interior from north to 
south were dominated by tyrannosaurines, hadrosaurines, and 
chasmosaurines (and titanosaurians in the south [Lehman 
2001]). This suggests a common habitat preference shared by 
albertosaurines, lambeosaurines, and centrosaurines on the one 
hand and a possibly broader ecological preference (given their 
more widespread distribution) shared by tyrannosaurines, hadro- 
saurines, and chasmosaurines on the other. Conclusions of a 
predatory niche splitting between albertosaurines and tyranno- 
saurines, though interesting, would be premature at present. 

Tyrannosaurid fossils range from isolated material to com- 
plete skeletons. They are recovered from fluviolacustrine units. 
In Mongolia they occur in the more mesic Bayanshiree and 
Nemegt formations, but they are rare in the intervening and 
more xeric Djadokhta and Baruungoyot formations, suggesting 
an ecological preference for wetter environments (or perhaps 
for prey items that preferred wetter environments). Occurrences 
of individuals of different growth stages of the same taxon at 
the same site are known for Tyrannosaurus (Carr and Williamson, 
in press), Tarbosaurus (Osmolska 1980; Hurum and Sabath 
2003), and Albertosaurus (Currie 2000). The former two taxa (at 
least) are common elements in their respective faunas, although 
still vastly outnumbered by herbivorous dinosaur remains from 
the same regions (Farlow 1993). 

It is uncertain whether tyrannosaurid species engaged in gre- 
garious behavior. Currie (2000) reports the discovery of at least 
nine individuals of Albertosaurus sarcophagus, representing dif- 
ferent growth stages, from the same quarry. He speculates that 
if this does represent a life assemblage of animals, then there 
may have been some form of division of labor based on age, as 
in some modern pack-hunting carnivorans. The numerous cra- 
nial ornamentations on the nasals, lacrimals, postorbitals, and 
jugals on tyrannosaurids may have served as intraspecific dis- 
play structures (Bakker 1986). Tanke and Currie (2000) describe 
numerous pathologies on the skulls of Gorgosaurus and Daspleto- 
saurus indicating aggressive intraspecific face-biting behavior, as 
in many modern predators (wolves, crocodilians, varanids, etc.). 

Because their fossils are complete and because of their large 
size and striking adaptations, tyrannosaurids (and Tyrannosaurus 
rex in particular) have been the subject of more published spec- 
ulation on paleobiology and paleoecology than any other non- 
avian theropod group. While this clade is universally accepted 
by the paleontological community as carnivorous, some authors 
(Lambe 1917a; Colinvaux 1978; Halstead and Halstead 1981; 


Barsbold 1983a; Horner and Lessem 1993; Horner 1994; Horner 
and Dobb 1997) have suggested that tyrannosaurids may have 
been primarily or exclusively scavengers. However, examination 
of the theoretical ecological (Farlow 1993) and ecomorpho- 
logical (Farlow and Holtz 2002; Holtz 2002) evidence for obli- 
gate scavenging finds these arguments wanting at present. In- 
stead, like most large-bodied carnivorous terrestrial animals, 
tyrannosaurids probably employed both scavenging and preda- 
tion to obtain food. Indeed, Carpenter (2000) documents a bite 
mark attributable by size, shape, and provenance to T: rex on the 
caudal spinous processes of an adult Edmontosaurus annectens; as 
there is regrowth of bone over part of this wound, this indicates 
that at least one tyrannosaurid bit a living animal. Some onto- 
genetic, seasonal, regional, or even taxonomic variation in the 
ratio of scavenging versus predation was likely, but barring di- 
rect field observations of living tyrannosaurid populations it is 
exceedingly difficult to recover these variations. 

Tyrannosaurids are characterized by large skulls and reduced 
forelimbs, suggesting a shift toward the use of the jaws for food 
acquisition and manipulation. The heterodont dentition of 
tyrannosaurids may correlate with partitioning of the jaw into 
different functions, for example, scraping for the premaxillary 
teeth and slicing and tearing for the maxillary and dentary 
teeth. Carr (1999) observed that the sparser premaxillary tooth 
arcade of adult Tyrannosaurus rex compared with the tightly 
packed arcade in juveniles and in all other tyrannosaurids sug- 
gests a difference in food prehension between this highly spe- 
cialized form and its kin. 

Abler (1992, 2001) modeled the mechanical properties of 
tyrannosaurid tooth serrations and found that unlike those of 
the large lamnid shark Carcharodon, they did not function as 
hacksaw blades. Instead, tyrannosaurid teeth cut meat more 
like a dull smooth blade. He also observed that the serrations 
and their adjacent pockets may have captured meat fibers: in 
modern varanids (Auffenberg 1981) trapped particles of meat 
function to give the squamates an infectious bite, a possibility 
Abler (1992) suggests for tyrannosaurids. Farlow et al. (1991) 
demonstrated that due to their incrassate proportions the teeth 
of tyrannosaurids have greater transverse and craniocaudal 
bending strengths than those of ziphodont theropods. Holtz 
(2002) further suggested that this, coupled with the better- 
developed secondary palate and broader skull, may have indi- 
cated a predatory and/or feeding mode that involved a greater 
degree of torsion in tyrannosaurids than in more primitive 
large theropods, such as carnosaurs and ceratosaurs (see also 
Molnar 2000). 

Erickson and Olson (1996) and Erickson et al. (1996) have 
documented the presence of ornithischian bones punctured with 
bite marks attributable to Tyrannosaurus rex; the latter workers 
calculated that the forces generated by the jaws of Tyrannosaurus 
would have been among the highest known for any carnivorous 
vertebrate (markedly contrasting with the weaker jaws of more 
basal tetanurans, such as Allosaurus [Rayfield et al. 2001]). It is 
likely that as with felids and hyenids (Van Valkenburgh and 
Ruff 1987), the long teeth of tyrannosaurids regularly contacted 
bone while feeding, so that robust teeth capable of withstand- 
ing occasional nonvertical strikes with hard surfaces would be 
favored. Examination of tooth marks on bones from tyrannosaur- 
bearing formations indicates that although tooth-on-bone con- 
tact was common, there is little evidence that tyrannosaurids 
regularly chewed on the distal ends of long bones for nutrition 
in the manner of carnivorous mammals (Fiorillo 1991b; Erick- 
son and Olson 1996; Jacobsen 1997). However, a 44 cm long co- 


prolite from the Scollard Formation probably referable to T: rex 
(based on the size of the element and the known size distribu- 
tion of the carnivorous members of the fauna) contains a high 
proportion (30%-50%) of macerated ornithischian bone frag- 
ments by volume (Chin et al. 1998). 

In contrast to the jaws, the forelimbs of tyrannosaurids are 
greatly reduced in size, in number of digits, and in carpal devel- 
opment. Except in one juvenile, the semilunate carpal block 
common to many tetanuran groups is absent in tyrannosaurids 
(Holtz 2001a), indicating less developed pronation and supin- 
ation in the manus. Carpenter and Smith (2001) have demon- 
strated that the forelimb of Tyrannosaurus rex was forcefully 
built but had a much lesser degree of motion than that of the 
dromaeosaurid Deinonychus or the carnosaur Allosaurus. The 
extremely small size of the tyrannosaurid forelimb would pro- 
hibit its use in prey acquisition, although it might have been 
used to manipulate and stabilize food items already acquired as 
the jaws dismembered the carcass (Carpenter and Smith 2001). 
More primitive tyrannosauroids, such as Eotyrannus and Drypto- 
saurus, may have employed their better-developed forelimbs 
in acquiring prey items. Giffin (1995) demonstrated that the 
brachial plexus of the neural canal is reduced in tyrannosaurids 
(and in the short-armed abelisaurid Carnotaurus) relative to thero- 
pods with proportionately longer and more powerful limbs and 
suggested that the former taxa did indeed have reduced function 
of these limbs. 

In contrast to their reduced forelimbs, the hindlimbs of 
tyrannosaurids are among the most elongate hindlimbs of all 
nonavian theropods (Holtz 1995b; Carrano 1998; Currie 2000; 
Paul 2000). In particular, the tibiae and metatarsi are longer and 
more slender than those of other theropods of the same body 
size (except for ornithomimosaurs and the gracile ceratosaur 
Elaphrosaurus); indeed, small tyrannosaurids and large ornitho- 
mimosaurs having femora of the same length have the same 
tibia and metatarsal proportions (Holtz 1995b). Furthermore (as 
in ornithomimids), tyrannosaurid metatarsals demonstrate the 
arctometatarsalian condition, in which the tightly interlocked 
structure retained a mechanical bending strength comparable 
to that of theropods with shorter and broader feet (Holtz 1995b). 
This combination of features suggests that, like ornithomimo- 
saurs, tyrannosaurids, at least those with smaller bodies, were 
among the most cursorial of theropods. As Farlow et al. (1995b) 
calculated, however, adult Tyrannosaurus rex might have in- 
curred serious injuries if they tripped while running at speeds 
of 20 m/s, but high speeds may have been possible for younger 
individuals and for smaller tyrannosaurid taxa. Cursorial adap- 
tations might have been useful both in acquiring prey and in 
fleeing predators, including other tyrannosaurids. A possible 
Tyrannosaurus footprint has been described by Lockley and Hunt 
(1994), but as an isolated print it does not reveal the speed at 
which the animal was moving. Holtz (2002) suggests that 
tyrannosaurids may have acquired their prey by running them 
down and seizing them with their jaws, like modern hyenids and 
canids but unlike felids, which initially acquire prey by seizing 
them with the forelimbs. 

As with all nonavian dinosaurs, there is a dramatic difference 
in body size between juvenile and adult tyrannosaurids. There- 
fore, it is likely that modes of life of one growth stage were not 
possible for others. For example, 1 m long hatchling Gorgosaurus 
or Tyrannosaurus may have included invertebrates and small 
vertebrates (frogs, squamates, mammals, birds) in their diet 
(Russell 1970a; Farlow 1976a, 1976b, 1980), while adults with 
skulls 1 m long would find such food items difficult to capture 
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and manipulate. Modern varanids such as Varanus komodoensis 
also go through dramatic changes in ecology throughout their 
life cycle, beginning as arboreal insectivores and ending as the 
dominant terrestrial predators of their environment (Auffen- 
berg 1981). Similarly, smaller tyrannosaurids (e.g., Alectrosaurus) 
may have been incapable of capturing prey items as large as 
those Daspletosaurus or Tyrannosaurus could capture. Similarly, 
large-bodied individuals would have suffered from the restric- 


136 DINOSAUR SYSTEMATICS 


tions placed on them by physics. Farlow et al. (1995b) calculated 
that the impact from tripping during a fast run would have been 
fatal to an adult Tyrannosaurus. Similarly, Hutchinson and 
Garcia (2002), using myological reconstructions by Carrano 
and Hutchinson (2002), calculated that an adult Tyrannosaurus 
would have lacked the necessary hindlimb musculature to 
achieve a fast run (although whether juvenile individuals would 
have been so restricted is uncertain). 
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Ornithomimosauria is a group of medium to large, lightly built 
theropods that are mainly known from Cretaceous sediments 
of central Asia and North America (table 6.1). They are charac- 
terized by having short, delicate skulls, elongate forelimbs with 
a weak, nonraptorial manus, and long hindlimbs. Advanced 
ornithomimosaurs are edentulous, although more basal mem- 
bers of the clade possess derived dentition. There are currently 
11 named species of ornithomimosaurs, placed in seven genera. 
The oldest, Pelecanimimus polyodon, is from the Barremian of 
Spain, whereas all remaining taxa are from younger strata in 
either central Asia or western North America. 

Marsh (1890b) described the first ornithomimid, Ornitho- 
mimus velox, and erected Ornithomimidae for it. Osborn (1917) 
established the second ornithomimid, Struthiomimus. A num- 
ber of new ornithomimid species were described in the first half 
of the twentieth century (Lambe 1902; Osborn 1917; Gilmore 
1920; Parks 1928b; Sternberg 1933a), and Dromiceiomimus was 
later erected for two of these by Russell (1972), who reviewed 
the North American forms. Paleontological exploration in Mon- 
golia by Soviet-Mongolian and Polish-Mongolian joint expe- 
ditions led to the discovery of four new taxa, including several 
individuals of Gallimimus bullatus (OsmOlska et al. 1972). Pele- 
canimimus polyodon (Pérez-Moreno et al. 1994), Anserimimus 
planinychus (Barsbold 1988), Sinornithomimus dongi (Kobayashi 
and Lt 2003), and Shenzhousaurus orientalis (Ji et al. 2003) are 
the most recently named ornithomimosaurs. 

Ornithomimosauria, erected by Barsbold (1976a), comprised 
the monospecific subclades Garudimimidae and Harpymimidae 
in addition to Ornithomimidae. Ornithomimosauria was most 
recently redefined as a stem-based taxon by Sereno (1998). The 
reference taxa and definition are identical to the definition of 
Arctometatarsalia by Holtz (1996a), however, and Padian et al. 
(1999) redefined Ornithomimosauria with a node-based defini- 
tion for the clade. 

Phylogenetic relationships among ornithomimid taxa 
were treated by Russell (1972) and Barsbold and Osmolska (1990) 
using comparative methods and by Yacobucci (1991), Pérez- 
Moreno et al. (1994), Norell et al. (2001c), Xu et al. (2002b), Ji 
et al. (2003), and Kobayashi and Lii (2003) using a cladistic ap- 
proach. These studies generally agree that Pelecanimimus and 
the two Mongolian taxa Harpymimus and Garudimimus are basal 
to the remaining taxa, which compose Ornithomimidae. Or- 


nithomimosauts are currently viewed as a basal coelurosaur 
lineage that is the sister group of Maniraptora by Gauthier 
(1986), Forster et al. (1998), and Norell et al. (2001c) but have 
also been posited as a sister group to various other coeluro- 
saur clades, including troodontids (Holtz 1994), alvarezsaurids 
(Sereno 1999a), tyrannosaurids (Pérez-Moreno et al. 1994), and 
therizinosauroids (Sereno 1997). 

Ornithomimosauts are viewed as among the most cursorial 
of theropod groups because of their long hindlimbs and their 
proportionately long distal hindlimb elements. The edentulous 
beak of most taxa has led to much speculation on dietary habits 
(Osborn 1917; Osmolska et al. 1972; Nicholls and Russell 1985; 
Barsbold and OsmOlska 1990), and ornithomimids have been 
viewed as carnivores on small prey, insectivores, and even 
herbivores. 


Definition and Diagnosis 


Following Padian et al. (1999), Ornithomimosauria is here 
considered a node-based taxon derived from the last common 
ancestor of the clade defined by Ornithomimus edmontonicus 
and Pelecanimimus polyodon. This definition differs from Sereno’s 
(1998) stem-based definition of the clade but better circum- 
scribes the species traditionally considered as ornithomimo- 
saurs and also avoids overlap with Holtz’s (1996a) definition 
of Arctometatarsalia. Sereno’s (1998) Ornithomimosauria en- 
compassed Therizinosauroidea and Alvarezsauridae in addition 
to traditional ornithomimosaurs, a grouping that is not sup- 
ported here. 

Based on the cladistic analysis presented below, Ornitho- 
mimosauria is diagnosed by the following derived characters: 
inflated cultriform process forming a bulbous, hollow structure 
(bulla); the premaxilla having a long, tapering subnarial ramus 
that separates the maxilla and nasal for a distance caudal to 
the naris; the dentary elongate and subtriangular in lateral view; 
the surangular bearing a dorsolateral flange for articulation with 
a lateral extension of the lateral quadrate condyle; and the ra- 
dius and ulna adhering tightly distally. Several other characters 
are potentially diagnostic of this group, but these are fraught 
with problems caused by various combinations of homoplasy 
and missing data within ornithomimosaurs or their nearest 
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TABLE 6.1 


Ornithomimosauria 


Occurrence 


Age 


Material 


Theropoda Marsh, 1881a 
Maniraptoriformes Holtz, 1996a 
Ornithomimosauria Barsbold, 1976b 
Pelecanimimus Pérez-Moreno, Sanz, 
Buscalioni, Moratalla, Ortega, et 
Rasskin-Gutman, 1994 
P. polyodon Pérez-Moreno, Sanz, 
Buscalioni, Moratalla, Ortega, et 
Rasskin-Gutman, 1994 
Shenzhousaurus Ji, Norell, Makovicky, 
Gao, Ji, et Yuan, 2003 
S. orientalis Ji, Norell, Makovicky, Gao, 
Ji, et Yuan, 2003 


Harpymimus Barsbold et Perle, 1984 
H. okladnikovi Barsbold et Perle, 1984 


Garudimimus Barsbold, 1981 
G. brevipes Barsbold, 1981 


Ornithomimidae Marsh, 1890b 
Ornithomimus Marsh, 1890b (including 
Dromiceiomimus Russell, 1972) 
O. velox Marsh, 1890b 


O. edmontonicus Sternberg, 1933a 
(including Struthiomimus currelli Parks, 
1933; S. brevitertius Parks, 1926a; 

S. ingens Parks, 1933; S. samueli Parks, 
1928b) 
Struthiomimus Osborn, 1917 

S. altus (Lambe, 1902) (= Ornithomimus 
altus Lambe, 1902) 


Archaeornithomimus Russell, 1972 
A. asiaticus (Gilmore, 1933a) 
(= Ornithomimus asiaticus Gilmore, 
1933a) 
Gallimimus Osmolska, Roniewicz, et 
Barsbold, 1972 
G. bullatus Osm6lska, Roniewicz, 
et Barsbold, 1972 


Sinornithomimus Kobayashi et Lu, 2003 
S. dongi Kobayashi et Lii, 2003 


Anserimimus Barsbold, 1988b 
A. planinychus Barsbold, 1988b 


cf. Ornithomimosauria 
Deinocheirus OsmoOlska et Roniewicz, 1970 
D. mirificus Osmolska et Roniewicz, 
1970 


Calizas de la Huergina 
Formation (Cuenca), Spain 


Yixian Formation 
(Liaoning), People’s 
Republic of China 


Shinekhudag Svita 
(Dundgov’), Mongolia 


Bayanshiree Svita 
(Omnégov’), Mongolia 


Denver Formation 
(Colorado), Kaiparowits 
Formation (Utah), Ferris 
Formation (Wyoming), 
United States 

Dinosaur Park Formation, 
Horseshoe Canyon 
Formation (Alberta), 
Canada 


Dinosaur Park Formation, 
Horseshoe Canyon 
Formation (Alberta), 
Canada 


Iren Dabasu Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 


Nemegt Formation 
(Omnégov’), Mongolia 


Ulansuhai Formation (Nei 
Mongol Zizhiqu), People’s 
Republic of China 


Nemegt Svita 


(Bayankhongor), Mongolia 


Nemegt Formation 
(Omnégov’), Mongolia 


late Barremian 


Barremian 


late Albian 


Cenomanian- 
Santonian 


late 
Campanian- 
late 
Maastrichtian 


late 
Campanian- 
early 
Maastrichtian 


late 
Campanian- 
early 
Maastrichtian 


?Campanian 


early 
Maastrichtian 


Aptian- 


?Albian 


early 
Maastrichtian 


early 
Maastrichtian 


Skull and partial skeleton 


Articulated skull and 
incomplete skeleton 


Skull with associated 
incomplete postcranium 


Skull with associated 
incomplete postcranium 


Postcranial material 


2 skulls with postcrania, 
2 partial skulls with 
postcrania, 8 incomplete 
postcrania 


2 skulls and complete 
postcrania, 2 partial skulls 
with associated fragmentary 
postcrania, 8 incomplete 
postcrania 


Partial manus, metatarsus, 
vertebrae, limb elements 


3 nearly complete skeletons, 
complete postcranium, 
skull with associated 
fragmentary postcranium, 
other fragmentary postcrania 


14 skeletons, juvenile to adult 


Incomplete postcranium 


Forelimb elements 


TABLE 6.1 (CONTINUED) 


Nomina dubia Material 


Archaeornithomimus bissektensis Nessov, 1995 Metatarsals 
Coelosaurus affinis Gilmore, 1920 
Coelosaurus antiquus Leidy, 1865 
Elaphrosaurus gautieri Lapparent, 1960a 
(doubtfully ornithomimosaurian) 
Elaphrosaurus iguidiensis Lapparent, 1960a 
(doubtfully ornithomimosaurian) 
Ornithomimus sedens Marsh, 1892b 
Ornithomimus tenuis Marsh, 1890b 
Timimus hermani Rich et Vickers-Rich, 1994 


Limb elements 
Fragmentary limb elements 
Isolated limb elements 


Isolated limb elements 
Sacrum and fragmentary ilium 


Fragmentary metatarsal 
Tibiae, vertebra 


outgroups. Among these are metacarpal I being subequal to meta- 
carpals II and II in length (absent in Harpymimus and Shen- 
zhousaurus) and subcondylar and subotic pneumatic recesses 
on the side of the basicranium (unknown for Pelecanimimus, 
Harpymimus, and Archaeornithomimus). 


Anatomy 


Skull and Mandible 


The ornithomimid skull is lightly built with an elongate snout, 
large orbits, a flat skull table, and a shallow lower jaw (figs. 6.1, 
6.2). The temporal fenestrae are reduced, and the braincase is 
large and highly pneumatized. Extensive pneumatization is also 
found in the snout region, which is tubular and low. 

The premaxilla has a wide subnarial process that separates 
the maxilla from the naris. The premaxilla is edentulous in all 
taxa except Pelecanimimus polyodon, in which the premaxilla 
bears seven tiny, D-shaped teeth (Pérez-Moreno et al. 1994). The 
premaxillae form the rostral part of the extensive secondary 
palate. Dorsally, they form the floor of the external nares and 
most of the slender, dorsoventrally compressed internarial bar. 
The external surface of the premaxilla is pitted near the buccal 
margin by neurovascular exits that supplied the horny beak 
(Norell et al. 2002b). In Garudimimus and Gallimimus the pre- 
maxillae form a U-shaped, almost spatulate tip to the snout. 
The snout is more pointed in Struthiomimus and possibly other 
North American taxa, although crushing prevents verification 
of this. 

The maxilla is low and thin. It bounds the rostral part of the 
antorbital fossa, which does not have a sharply demarcated rim 
ventrally. The antorbital fenestra and the maxillary antorbital 
fenestra open into the antorbital fossa. A promaxillary fenestra 
is present in Garudimimus, Struthiomimus, and Ornithomimus and 
possibly in Gallimimus. The maxillary palatal shelves meet on 
the midline and form the majority of the extensive hard palate, 
and the choanae are located just in front of the orbits. Small, 
irregular foramina perforate the maxillary palatal shelves in 
Struthiomimus, as in Tyrannosaurus rex (Osborn 1912a), but have 
not been described in other ornithomimosaur taxa. The slender, 
tapering jugal process of the maxilla is weakly overlapped by 
the jugal. A foramen probably for part of the maxillary branch 
of c.n. V opens either along the premaxillary suture or within 
the rostral tip of the maxilla in a number of taxa (fig. 6.2A). Its 
exact location is variable even within a single individual (Parks 
1928b). This foramen is similar to a foramen seen on the rostral 


tip of the maxilla in troodontids and alvarezsaurids and may 
correspond to the subnarial foramen of other theropods. 

The nasals are long, extending from the caudal part of the 
internarial bar to above the orbits. In Gallimimus the nasals ter- 
minate slightly caudal to the prefrontals, but they do not ex- 
tend beyond the prefrontals in Struthiomimus and other taxa. 
They are transversely vaulted and roof the nasal passage. The 
nasals are excluded from the dorsal margin of the antorbital fen- 
estrae and fossa by the maxilla and the lacrimal (fig. 6.2A-C). 
A few small foramina, probably neurovascular conduits, pit the 
lateral edge of the dorsal surface of the nasal above the ant- 
orbital fenestra. 

The jugal is a straplike bone (fig. 6.2A-C). The rostral end is 
bifurcated into small lacrimal and maxillary processes. The 
caudal end has a caudodorsally projecting process that contacts 
the ventral process of the postorbital, as well as a facet for con- 
tact with the quadratojugal. The jugal is not pneumatic. The 
postorbital process of the jugal is slender in comparison to those 
of troodontids and dromaeosaurids and terminates at or below 
the midheight of the orbit. 

The lacrimal is roughly L-shaped with a slender rostral pro- 
cess. A small caudal process, just dorsal to the lacrimal duct, in- 
serts into a notch in the prefrontal. The rostral process extends 
forward to contact the rostrodorsal process of the maxilla above 
the antorbital fenestra. The prefrontal is slightly larger than the 
lacrimal in dorsal view and forms the rostrodorsal part of the 
orbit. It has a shallow, V-shaped notch dorsally for reception of 
the lacrimal. Medially it contacts the caudal end of the nasal 
and separates the frontal from most of the orbital rim. The elon- 
gate ventral process of the prefrontal adheres to the caudo- 
medial face of the lacrimal antorbital bar. 

The frontal is overlapped rostrolaterally by the nasal. The 
paired frontals are wide and gently domed above the orbits and 
form about half of the orbital rim. A flexure near the caudo- 
lateral corner of each frontal separates the skull table from the 
part of the bone that participates in the supratemporal fenestra. 
The frontals meet the parietals along anearly straight suture. Each 
parietal has a flat dorsal surface that is separated from the lateral 
surface by a flexure. The lateral part of the parietal forms the me- 
dial wall of the supratemporal fenestra and is not excluded by a 
process of the squamosal as erroneously reconstructed by Russell 
(1972). There is no trace of a sagittal crest in ornithomimids. 

The postorbital is a triangular element that forms the caudal 
rim of the large orbit (fig. 6.2A-C). The dorsal part is not as wide 
as in many maniraptoran taxa, and the sutures for the squamosal 
and frontal are close to each other. The descending process 
curves rostroventrally along the rim of the orbit. It is wider than 
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FIGURE 6.1. Skull material of basal ornithomimosaurs. A, B, Harpymimus okladnikovi: A, skull; B, sym- 
physeal portion of right dentary in right lateral and medial views. C, Pelecanimimus polyodon, skull in left 


lateral view. Scale = 5 cm. 


the ascending process of the jugal, which it overlaps at the 
caudoventral corner of the orbit. 

The quadratojugal is a slender, L-shaped bone. Its rostral 
ramus is shorter than the dorsal ramus, and unlike in dromaeo- 
saurids, there is no pronounced caudal ramus. The quadrato- 
jugal is overlapped rostrodorsally by the squamosal in Garu- 
dimimus, Struthiomimus, and Gallimimus. In Ornithomimus the 
ascending process of the squamosal is bifurcated and wraps 
around the end of the descending process of the squamosal. An 
embayment in the caudal margin of the ascending process 
defines the lateral border of the quadrate foramen in advanced 
ornithomimids. This embayment is sharply incised into the 
quadratojugal in Ornithomimus. In Garudimimus the quadrato- 
jugal does not contact the postorbital, and the infratemporal 
fenestra is wide and unconstricted. In contrast to this, ornitho- 
mimid taxa, including Ornithomimus, Struthiomimus, and Gal- 
limimus, have a rostroventrally inclined quadrate-quadratojugal- 
squamosal complex that contacts or almost contacts the 
postorbital, thus constricting or subdividing the infratemporal 
fenestra (fig. 6.2A, C). 

The tall, narrow quadrate bears a single head that articulates 
with the squamosal. The shaft bears a narrow depression cau- 
dally in most ornithomimosaur taxa, and in Sinornithomimus 
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as well as one indeterminate ornithomimid there is a pneumatic 
foramen in this fossa (Makovicky and Norell 1998a, 1998b; Ko- 
bayashi and Lt 2003). The foramen opening is divided in two by 
a slender, vertical lamina in the former taxon. The distal articu- 
lation is divided into two subequal condyles separated by a shal- 
low sulcus. A third, narrow articular surface extends rostrolater- 
ally from the lateral condyle and articulates with a dorsolateral 
flange of the surangular just rostral to the mandibular glenoid. 

The squamosal is a complex, tetraradiate bone that forms the 
lateral and caudal borders of the supratemporal fenestra and 
the dorsal border of the infratemporal fenestra. The descending 
quadratojugal process and the rostral temporal process are 
slender and elongate. The lateral quadrate process is short, 
reaching barely beyond the quadrate head. Russell (1972) erro- 
neously reconstructed the squamosal as having a fifth process 
along the medial border of the supratemporal fenestra. The 
medial process of the squamosal overlaps the paroccipital process 
but does not form a prominent nuchal crest. The supratemporal 
fenestra expands caudally as a deep embayment onto the dorsal 
surface of the squamosal, unlike in other theropods, in which 
the squamosals overhang the supratemporal fenestrae. 

The supraoccipital is a cruciform bone in caudal view that 
borders the foramen magnum and contacts the exoccipitals, 


Cc 


FIGURE 6.2. Skulls of ornithomimid taxa: A, Ornithomimus edmontonicus in left lateral view; B, Garudim- 
imus brevipes in right lateral view; C, Gallimimus bullatus in left lateral view. Scale = 3 cm (A), 5 cm (B, C). 


(Modified from Osmolska 1997.) 


parietals, opisthotics, and squamosals. Above the foramen mag- 
num the supraoccipital forms a transversely convex surface that 
bears a faint midline ridge. On either side of this convex surface, 
the element has a concave wing rostrodorsal to the contact with 
the paroccipital process and medial to the squamosal. 

The exoccipital and opisthotic are fused to form the short, 
almost horizontal paroccipital process. The dorsal surface of 
each process curves gently downward toward the distal end. Each 
paroccipital process is hollow, at least near its base, and pneu- 
matized by the caudal tympanic recess. A small foramen is found 
on the caudal surface of the paroccipital process in juvenile Gal- 
limimus but is not reported in adults. Sinornithomimus also pos- 
sesses a foramen on the caudal face of the paroccipital process. 
Medially the exoccipitals border the foramen magnum and form 
the dorsolateral corners of the reniform occipital condyle. The 
exoccipital is perforated by three to five foramina, depending on 
the taxon. A jugular foramen is situated near the base of the 
paroccipital strut and marks the exits of the jugular vein and 
the vagus nerve (c.n. X) through the metotic strut. Medial to 
this, and near the base of the occipital condyle, are two to three 
foramina that transmit the accessory (c.n. XI) and hypoglossal 


(c.n. XII) cranial nerves. In Gallimimus bullatus these foramina 
are set in a deep depression that invades the metotic strut, but 
in other taxa, including Struthiomimus and the indeterminate 
ornithomimid (Makovicky and Norell 1998a, 1998b), such a 
depression is not developed. A fifth, smaller foramen is present 
rostral to the metotic strut in Gallimimus. 

The basioccipital forms the major part of the condyle, which 
has an unconstricted neck. The basal tubera are moderate in size 
and separated by a notch. A small fossa lies just ventral to the 
condyle and dorsal to the intertuberal notch. The caudal face 
of each tuber is pierced by a large pneumatic foramen termed 
the “subcondylar recess” by Witmer (1997a). The subotic recess 
(Witmer 1997a) lies on the lateral face of the basicranium ven- 
tral to the middle ear, on the suture between the basioccipital 
and basisphenoid. 

The basisphenoid has two processes that extend caudally to 
meet the basal tubera and form the lateral walls of the basi- 
sphenoid recess. The roof of the recess subdivides into two diver- 
ticula. Rostral to the basisphenoid recess the bulbous bulla 
forms the base of the cultriform process. The bulla is observed 
in Pelecanimimus, Gallimimus, Garudimimus, Ornithomimus, and 
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Struthiomimus and was presumably also present in other taxa, 
although these are too poorly preserved to determine its pres- 
ence. The bulla connects to the exterior via the basisphenoid 
recess. The short, hollow basipterygoid processes are directed 
more laterally than rostrally or ventrally. 

The middle ear opening is large in ornithomimids and is not 
recessed from the side of the braincase. Three neurocranial pneu- 
matic systems are present in ornithomimids and presumably all 
members of Ornithomimosauria. A small prootic recess is pres- 
ent rostroventral to the middle ear and ventral to the exit for the 
facial nerve (c.n. VII). Dorsal to the middle ear the rostral face of 
the base of the paroccipital process bears a wide rostrodorsally 
directed depression for the dorsal tympanic recess. The opening 
for the caudal tympanic recess invades the base of the paroccip- 
ital process ventrally, just lateral to the middle ear. The opening 
for the trigeminal nerve (c.n. V) is undivided in taxa where it can 
be observed (contra OsmOlska et al. 1972). The laterosphenoids 
meet dorsal to the exit for the optic nerve (c.n. II). 

The palatine encloses the caudal and lateral margins of the 
choana. The quadrangular body of the palatine has a slender 
rostrolateral process that borders the choana laterally and reaches 
the maxilla. A rostromedial process meets the vomer to enclose 
the choana medially. A foramen pierces the body of the palatine 
in Struthiomimus and Gallimimus. The palatine of Shenzhou- 
saurus has a small palatine recess on its dorsal surface, near the 
contact with the jugal, but such a recess has not been reported 
in other forms. 

The pterygoids have expanded palatal rami that are sepa- 
rated by a narrow space ventral to the rostral tip of the bulla. The 
vomerine process is slender and extends lateral to the midline 
and medial to the palatine. It is separated from the latter by an 
elongate subsidiary palatine fenestra that extends forward to 
separate the back of the rodlike vomer from the medial edge of 
the palatine. The pterygoid clasps the basipterygoid process 
at the juncture of the palatal and quadratic rami. The ectoptery- 
goid contacts the palatine, unlike in many other theropods. It 
bears an expanded ventral fossa, as in other coelurosaurs. A 
wedge-shaped epipterygoid contacts the laterosphenoid dor- 
sally and the quadrate wing of the pterygoid ventrally in Gal- 
limimus and presumably other taxa. 

The mandibles of ornithomimosaurs are slender (figs. 6.1, 
6.2). The articular forms a deep glenoid for the quadrate con- 
dyles, and has a short retroarticular process that curves caudo- 
dorsally in Garudimimus and ornithomimids. The surangular 
forms a low dorsal arc between the glenoid and dentary. A small 
flange extends rostrolaterally from the glenoid and articulates 
with the accessory articular process on the lateral condyle of 
the quadrate. A minute caudal surangular foramen is present in 
Gallimimus and Struthiomimus but not in Sinornithomimus. The 
external mandibular fenestra is small in Pelecanimimus, Garudim- 
imus, Struthiomimus, Ornithomimus, and Gallimimus. It is larger 
in Harpymimus, but this may be a preservational artifact. The in- 
ternal mandibular fenestra is reduced to a narrow slit. The large, 
triangular splenial reaches the symphysis in Garudimimus and 
Gallimimus (Hurum 2001). 

The dentary extends more than two-thirds the length of the 
lower jaw (figs. 6.1, 6.2). Except in Pelecanimimus, Harpymimus, 
and Shenzhousaurus the dentary of ornithomimosaurs is eden- 
tulous. The ventral margin of the dentary is concave in Harpy- 
mimus. The buccal edge of the dentary slopes rostroventrally 
and forms a gap between the bony edges of the upper and lower 
jaws near the tip of the snout in all taxa but Pelecanimimus. A 
specimen of Ornithomimus from Dinosaur Park Formation in 
Alberta, Canada, preserves keratinous beaks in both upper and 
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lower jaws, which fill the gap, and demonstrates that the upper 
and lower jaws occluded along their full lengths. Gallimimus is 
also known to have soft tissue in this region of the beak, with 
closely spaced columnar structures extending perpendicular 
or at a steep angle to the buccal margins of the dentary and pre- 
maxilla (Norell et al. 2001b). These columnar structures are sep- 
arate and resemble the comblike lamellae of modern anseriform 
birds, in particular specialized strainers such as the Northern 
Shoveler (Anas clypaeta). Although Harpymimus and Shenzhou- 
saurus have teeth at the tip of the lower jaw, the dentary is re- 
fracted downward as in ornithomimids, and the teeth fill the 
gap between the upper and lower jaws. In Pelecanimimus the 
dentary bears approximately 75 minute teeth set in a groove 
without distinct alveoli (fig. 6.1C). The teeth are unserrated and 
are constricted between the crown and root. Harpymimus pre- 
serves 6 and 5 teeth in the right and left dentaries, respectively, 
but as many as 11 were probably present (fig. 6.1B), as suggested 
by Barsbold and Perle (1984). These teeth are too poorly pre- 
served to tell much about their morphology. Based on alveolar 
shape, the teeth are circular in cross section, unlike the medio- 
laterally flattened dentition of most theropods. There are 7 pre- 
served teeth and space for probably 2 more in the symphyseal re- 
gion of the dentary in Shenzhousaurus. The teeth are conical and 
lack serrations, and the root-crown transition is not constricted. 


Postcranial Skeleton 


AXIAL SKELETON 


There are 10 cervical, 13 dorsal, 6 sacral, and about 35 caudal ver- 
tebrae in the column of ornithomimosaurs, although complete 
vertebral series are rare. Surprisingly, paired preatlantal ele- 
ments are preserved in one specimen of Struthiomimus and in 
some specimens of Sinornithomimus. The atlantal intercentrum 
does not bear a rib. The axis (fig. 6.3A, B) has a low, convex neu- 
ral spine and weakly developed epipophyses. The remaining cer- 
vicals are low and long. The centrum extends beyond the 
postzygapophyses in the cranial cervicals, unlike in dromaeo- 
saurids. A concave pit is present on each cervical neural arch, 
just cranial to the weak neural spine in the cervicals of Ornitho- 
mimus, Struthiomimus, and Gallimimus (fig. 6.3D). A similar pit 
is seen in caenagnathids (Sues 1997). A short, caudally directed 
process on each diapophysis of the caudal cervicals is present 
in Ornithomimus and Archaeornithomimus (fig. 6.3D). 

The dorsals have elongate, spool-shaped centra (fig. 6.3E). 
The hypapophyses are weak on the cranial elements, and only 
the first one or two dorsals have pneumatic centra. The neural 
spines are tall, and the transverse processes become angled dor- 
sally and caudally as they approach the sacrum. The neural arch 
is deeply invaded by pneumatic pockets ventral to the transverse 
processes. Although Osmolska et al. (1972) considered the last 
dorsal to be devoid of a rib, a small, single-headed rib articulates 
with the last presacral vertebra. Six co-ossified elements form the 
sacrum in most ornithomimosaur taxa, including Harpymimus, 
Garudimimus, Gallimimus, and the North American taxa. The 
sacral vertebrae of Shenzhousaurus, Archaeornithomimus, Struthio- 
mimus, Ornithomimus, and Gallimimus have deep lateral depres- 
sions but are not invaded by pneumatic systems. Each depression 
is bordered by a thick lamina at the ventrolateral border of the 
centrum. The sacral vertebrae are flat ventrally (fig. 6.5B). The 
sacral neural spines are tall and contact the iliac blades on the mid- 
line, but they are not fused. 

The proximal caudals have spool-shaped centra and distally 
expanded neural spines and transverse processes. The transition 
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FIGURE 6.3. Cervical and dorsal vertebrae of Ornithomimus edmontonicus: A, B, axis in A, left lateral, and 
B, dorsal views; C, D, seventh cervical in C, left lateral, and D, dorsal views; E, seventh dorsal in left lat- 


eral view. Scale = 2 cm. (After Makovicky 1995.) 


point (Russell 1972) is located at or near the fifteenth caudal. 
The caudals become progressively longer toward the middle of 
the tail. The distal caudals are low and elongate, with low neu- 
ral spines and elongate prezygapophyses that overlap the pre- 
ceding centrum for up to two-thirds of its length. The proximal 
chevrons are long, rodlike, and slightly arched but become 
shorter and more curved caudally. The distal chevrons are short 
and boat-shaped. 

The cervical ribs are short and fuse to the vertebrae in mature 
individuals. The ribs of the cranial trunk vertebrae have rostro- 
caudally expanded proximal shafts, unlike in most other 
theropods. Pneumatic foramina are present at the junction of 
the capitulum and the tuberculum. As many as fifteen pairs of 
gastralia are found on either side of the trunk in ornithomimids. 
The lateral segment of each gastral arch is shorter than the 
median segment. The last gastral arch is composed of only the 
median elements, which wrap around the cranial expansion 
of the pubic boot. 


APPENDICULAR SKELETON 


The shoulder girdle (fig. 6.4A, B) is lightly built in ornithomimo- 
saurs. The scapula has a slender, straplike blade. The acromion 
process is deep and has a squared-off profile, and the glenoid 
faces caudolaterally. A small, everted lip along the lateral rim of 
the scapular portion of the glenoid, described in Struthiomimus 
by Nicholls and Russell (1985) as the supraglenoid buttress, is 
ubiquitous among ornithomimosautrs that preserve the scapula. 
The coracoid is shallow and has a long postglenoid process 
(Sereno 1997) except in Gallimimus. The coracoid tuber is large 
and confluent with a ridge that forms a wide shelf along the 
postglenoid process in Archaeornithomimus, Ornithomimus, Sin- 
ornithomimus, and Struthiomimus. The shelf is also present in 
Gallimimus and Anserimimus, but in those taxa it is separated 
from the tuber. The coracoid is unknown or undescribed for 
other ornithomimosaur taxa. Neither clavicles nor a furcula is 
known for any ornithomimosaur. Paired ossified sternal plates 
are present in Pelecanimimus but are otherwise absent in the 
group. Articulated specimens (Sternberg 1933a; Osmolska et al. 
1972; Kobayashi et al. 1999) reveal a space between the coracoids 
and the cranialmost gastral arch, suggesting the presence of a 
cartilaginous sternum. Nicholls and Russell (1985) described a 
pair of rodlike xiphisternal ossifications in Struthiomimus, spec- 
ulating that they attached to the sternum. 


The humerus (fig. 6.4D, E) is slender and has a nearly straight 
shaft, unlike in many other coelurosaurs. The deltopectoral 
crest is weak and located proximally, and the bicipital crest is 
also small. The humeral shaft is twisted in most taxa except 
Harpymimus, and the distal condyles are rotated 20°-30° relative 
to the head. The humeri of Harpymimus and Struthiomimus are 
proportionately thicker than in other taxa. Interspecific varia- 
tion has been cited in the ratio between the scapular and 
humeral lengths in ornithomimid taxa, with the ratio ranging 
from 0.95 in Struthiomimus to 1.18 in Gallimimus (Barsbold and 
Osmolska 1990). Nicholls and Russell (1981) and others have 
warned against the use of limb ratios in taxonomy, however, 
because of allometric differences related to age and absolute size. 
Furthermore, the thin distal end of the scapula is rarely pre- 
served, casting doubt on the utility of such minor differences 
in ratios. 

The ulna is straight or even slightly bowed toward the radius, 
in contrast to the caudally bowed ulna of most maniraptorans 
(fig. 6.4F). There is a well-developed, moundlike olecranon 
process proximally. The radius is straight and equal to or only 
slightly narrower in diameter than the ulna. These forearm bones 
were tightly appressed near their proximal and distal articula- 
tions, indicating a limited range of pronation and supination 
(Nicholls and Russell 1985). There are at least five elements in 
the ornithomimosaur wrist, representing the radiale, the ulnare, 
the intermedium, the pisiform, and a distal carpal element that 
may be homologous with two fused distal elements, although 
the full complement of carpals is rarely preserved (Nicholls 
and Russell 1985). Ornithomimus edmontonicus has six carpal 
elements, including three distal carpals that are unfused in this 
individual. Four carpal elements are reported in Harpymimus 
(Barsbold and Osmolska 1990), and three are preserved in Sinor- 
nithomimus (Kobayashi and Lii 2003). 

The length of the manus (fig. 6.4G-J) varies widely among 
ornithomimosaur taxa. The hand is proportionately longest 
in Struthiomimus, in which it is longer than either the skull or the 
humerus. It is proportionately shortest in Gallimimus (Nicholls 
and Russell 1981; Barsbold and Osmolska 1990). Metacarpal I 
is longer in most ornithomimosaurs than in most other coeluro- 
saurs. Metacarpal I is about as long as metacarpal II in Or- 
nithomimus and Struthiomimus and only slightly shorter in Gal- 
limimus, Pelecanimimus, and Archaeornithomimus. Metacarpal I 
is about half the length of metacarpal Il in Harpymimus and 
probably in Shenzhousaurus, thus resembling the condition 
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FIGURE 6.4. Pectoral girdle and forelimb elements: A, right scapulocoracoid of Gallimimus bullatus in lateral view; B, right scapulocoracoid of 
Struthiomimus altus in lateral view; C, right coracoid of Archaeornithomimus in lateral view; D, right humerus of Gallimimus bullatus in lateral and 
cranial views; E, left humerus of Harpymimus okladnikovi in cranial view; F, left ulna and radius of Gallimimus bullatus in lateral view; G, left manus of 
Struthiomimus altus in extensor view; H, right manus of Ornithomimus edmontonicus in extensor (dorsal) view; I, right manus of Gallimimus bullatus 
in extensor (dorsal) view; J, left manus of Harpymimus okladnikovi in dorsal view; K, manual ungual of Anserimimus planinychus in lateral, dorsal, and 
ventral views (top to bottom). Scale = 5 cm. (A, B, D-J, from Osmolska and Barsbold 1990; C from Gilmore 1933a; K from Osmolska 1997.) 


observed in the outgroups to the Ornithomimosauria. Sinornitho- 
mimus appears intermediate in condition with a metacarpal I- 
metacarpal II ratio of 0.79 (Kobayashi and Lii 2003). The shaft 
of metacarpal I is triangular in cross section. It is twisted distally 
in Struthiomimus, such that the first digit flexes at an angle 
slightly opposed to that of the other two fingers. This contrasts 
with the condition in Ornithomimus, in which metacarpals I 
and IJ are closely appressed throughout their lengths. Meta- 
carpal III is generally more slender and almost as long as 
metacarpal I in ornithomimosaurs. The distal articulations are 
smooth and rounded in all metacarpals except in Harpymimus, 
in which metacarpals | and II are ginglymoid distally, as in most 
maniraptoriforms. 

The phalangeal formula is 2-3-4-X-X in ornithomimosaurs. 
Phalanx I-1 is the longest of the hand, followed by II-1 and III-3. 
All interphalangeal articulations are ginglymoid. The manual 
unguals of ornithomimosaurs are nonraptorial and rounded 
ventrally. The ungual of digit lis more curved than the unguals 
of other digits in Harpymimus, Gallimimus, Struthiomimus, and 
probably Archaeornithomimus. The unguals of Anserimimus and 
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Ornithomimus are straight in all digits in lateral view. The flexor 
tubercles are poorly developed and lie distal to the articulations. 

The pelvic girdle (fig. 6.5A, B) is firmly co-ossified in adult 
ornithomimids. The ilium is elongate. A pointed, hook-shaped 
ventral process is present at the cranial end of the ilium, as in 
other theropods. It is short in Shenzhousaurus but long and slen- 
der in ornithomimid taxa. The cuppedicus shelf along the me- 
dial face of the antilium is wide. A hoodlike supracetabular crest 
extends laterally above the acetabulum and would have formed 
a cap above the femur. There is a well-developed antitrochanter 
just ventral to the supracetabular crest. The ischial peduncle 
bears a short conical process that fits into a cavity at the proxi- 
mal end of the ischium, forming a peg-and-socket contact as in 
tyrannosaurids and some basal tetanurans. This contact fuses 
in most mature ornithomimids. The caudal end of the ilium is 
squared off. The brevis fossa is deep and wide. The iliac blades 
contact the sacral neural spines above the acetabulum. 

The pubis is long and rostroventrally directed in ornitho- 
mimosaurs. A shallow obturator notch is present between the 
pubic shaft and the expanded ischial process. The pubic canal is 
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FIGURE 6.5. Pelvic girdle and hindlimb elements of ornithomimosaurs: A, pelvis of Gallimimus bullatus in right lateral view; B, left ilium and 
sacrum of Archaeornithomimus asiaticus in ventral view; C, D, right femur of Gallimimus bullatus in C, lateral, and D, caudal (flexor) views; E, right 
tibia, fibula, and proximal tarsals of Gallimimus bullatus in lateral view; F, right pes of Gallimimus bullatus in extensor (dorsal) view; G, left pes of 
Struthiomimus altus in dorsal view; H, left foot of Harpymimus okladnikovi in dorsal view. Scale = 5 cm. 


wide proximally. It is delimited ventrally by the pubic apron, 
which extends for more than half the length of the pubis. The 
pubic boot is expanded both cranially and caudally and is 
hatchet-shaped in lateral view in North American taxa (Gilmore 
1933a; Kobayashi and Lt 2003). The two sides of the pubic boot 
are fused in adult individuals. 

The ischium in mature animals is about two-thirds the length 
of the pubis. The proximally placed obturator process is slender 
and curves dorsally. The ischia terminate in a rounded boot. The 
distal end of the ischial shaft curves cranially in most taxa where 
it is preserved, except for Shenzhousaurus, which has a straight 
ischium. 

The hindlimb (fig. 6.5C-E) is longer in ornithomimids than 
in most other theropod taxa. The femoral head is directed straight 
medially and is taller than wide. There is no sulcus separating the 
femoral head from the greater trochanter. The cranial trochanter 
is alariform and separated from the greater trochanter by a 
deep notch. It ends below the level of the greater trochanter. 
There is a small accessory trochanter along the cranial edge of 
the cranial trochanter. The fourth trochanter is developed as a 
flange along the caudomedial face of the femur. Distally a thin 
crest extends proximally from the medial condyle and delimits a 
shallow extensor groove on the cranial face of the femur. The dis- 
tal condyles are widely separated on the caudal face of the femur. 

The length of the tibiotarsus exceeds that of the femur by 
10% or more in ornithomimid taxa and is proportionately longer 


than the femur in most other theropods with the exception of 
tyrannosaurids (Holtz 1995a; Farlow et al. 2000). The cnemial 
crest is large and curves laterally toward its tip. A small accessory 
process is present lateral to the cnemial crest, as in tyran- 
nosaurids and Allosaurus (Molnar et al. 1990). The distal end of 
the tibia is mediolaterally expanded and bears a small groove 
laterally for the fibula. 

The expanded proximal end of the fibula is excavated medi- 
ally by a deep fibular fossa. The iliofibularis tubercle is weakly 
developed. The fibula attenuates distally but reaches the proxi- 
mal tarsals. 

The astragalus has a tall ascending process, which is sepa- 
rated from the condylar body by an oval depression. A shallow 
sulcus separates the astragalar condyles. The calcaneum fits into 
a complex notch on the lateral face of the astragalus; in larger 
individuals the calcaneum is imperceptibly fused with the as- 
tragalus. A deep groove for the tip of the fibula is present on 
the calcaneum. There are two distal tarsals in ornithomimids, 
centered above the proximal end of metatarsal III and closely 
appressed, forming a convex roller surface that fits into the sul- 
cus between the astragalar condyles. 

The foot (fig. 6.5F-H) is short in Garudimimus but long in 
Ornithomimus, Struthiomimus, and Gallimimus. The third meta- 
tarsal is variably constricted among ornithomosaurian taxa. 
In Garudimimus and Harpymimus metatarsal III separates the 
other metatarsals along the full extent of the metapodium. In 
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ornithomimid taxa metatarsals II and IV contact each other cra- 
nial to the third metatarsal, excluding it from cranial view along 
the proximal part of the extensor surface of the foot. The distal 
articulations are not ginglymoid. A hallux is preserved in Harpy- 
mimus and Garudimimus, but this toe is lost in ornithomimid 
species. Digit III is the longest, while the second and fourth toes 
are subequal in length. The pedal unguals are triangular in cross 
section with flat ventral surfaces and without flexor tubercles. 
They bear deep lateral claw grooves that are confluent distally. 
A small tubercle is developed at the proximal end of the lateral 
and medial ridges bordering the ventral face of each ungual. 


Systematics and Evolution 


Ornithomimidae was one of the earliest higher taxa among 
theropods to be recognized, based on the distinctive propor- 
tions of the metacarpals and on the possession of an arcto- 
metatarsal foot structure. Following the description of Struthio- 
mimus (Osborn 1917), many diagnostic characters of the group, 
such as the edentulous jaws, were recognized. New ornitho- 
mimids were recovered from Upper Cretaceous rocks of western 
Canada and the United States, prompting erection of a number 
of new species referred to either Ornithomimus and Struthio- 
mimus (Gilmore 1920; Parks 1928b, 1933; Sternberg 1933a). 
Russell (1972) reviewed the taxonomy of North American Late 
Cretaceous ornithomimids and erected two new species within 
Dromiceiomimus. 

The first ornithomimid taxon discovered in Asia was Or- 
nithomimus asiaticus, which was removed to a genus of its own, 
Archaeornithomimus, by Russell (1972). Osmolska et al. (1972) de- 
scribed Gallimimus bullatus from the Maastrichtian Nemegt For- 
mation. Barsbold (1976a) created Ornithomimosauria for Or- 
nithomimidae, to which Garudimimidae (Barsbold 1981) and 
Harpymimidae (Barsbold and Perle 1984) were added later. Smith 
and Galton (1990) revised Ornithomimidae to contain all or- 
nithomimosaur taxa, but this convention is not widely followed. 

Recently, Ornithomimosauria has been designated as stem- 
based taxon by Sereno (1998), but including therizinosauroids 
and alvarezsaurids as well as the traditional ornithomimosaur 
taxa of earlier authors. Sereno (1998) redefined Ornithomimi- 
dae as a stem-based taxon including all taxa closer to Ornitho- 
mimus than to Shuuvuia. Padian et al. (1999) noted the overlap 
between Sereno’s definition for Ornithomimosauria and Holtz’s 
(1996a) definition for Arctometatarsalia and redefined Ornitho- 
mimosauria as a node-based taxon with Pelecanimimus and 
Ornithomimus as reference taxa. 

The most recently described Asian ornithomimid is Anserim- 
imus planinychus. The first, and thus far only, valid European 
representative of the group is Pelecanimimus polyodon (Pérez- 
Moreno et al. 1994). 

Russell (1972) considered the Late Jurassic theropod Elaphro- 
saurus bambergi, from Tendaguru, Tanzania, to be an ancestral 
ornithomimid, an opinion followed by Galton (1982) and others. 
This taxon has convincingly been shown to be a coelophysoid 
ceratosaur in recent cladistic studies (Sereno 1999a; Holtz 2001a), 
however, and it will not be considered here. An enigmatic thero- 
pod, Shuvosaurus inexpectatus, from the Upper Triassic Dockum 
Formation of Texas, was described as the earliest ornithomimid 
(Chatterjee 1993). It possesses an edentulous beak similar to 
those of ornithomimids. The braincase and palate differ sub- 
stantially from those of ornithomimids, however. For example, 
Rauhut (1997) pointed out the lack of a parasphenoid bulla and 
a ventral pocket on the ectopterygoid. Although he interpreted 
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Shuvosaurus as a nontetanuran theropod, it is regarded in this 
volume as nondinosaurian. 

The large theropod Deinocheirus mirificus (Osmolska and 
Roniewicz 1970), based on forelimb material from the Nemegt 
Formation of Mongolia, has been tentatively referred to Or- 
nithomimosauria by some authors (e.g., Ostrom 1972a; Paul 
1988a). This taxon does share some characters with Ornitho- 
mimosauria, such as a reduced deltopectoral crest, a deep acro- 
mion process, and a metacarpal I that is almost as long as 
metacarpals II and III. A flange on the supraglenoid buttress is 
absent, however, and the raptorial claws lack the distally posi- 
tioned flexor tubercles of ornithomimosaurs (Nicholls and 
Russell 1985). The radius and ulna are not appressed as in or- 
nithomimosaurs, and the coracoid lacks a subglenoid shelf like 
that seen in most ornithomimosaurs. Deinocheirus may rep- 
resent a primitive ornithomimosaur, as suggested by a couple of 
characters, but lacks most derived features of ornithomimo- 
saurs. Only more material of this enigmatic taxon can help re- 
solve its phylogenetic position. 

A number of fragmentary fossils have been assigned to Or- 
nithomimidae historically, although these are not diagnostic. 
The most interesting of these include theropod fragments from 
the Early Cretaceous of Australia referred to Timimus hermanni 
(Rich and Vickers-Rich 1994) and an isolated femur from the 
Breda Chalk in the Netherlands. None of these can demon- 
strably be shown to be ornithomimosaurs since they lack 
synapomorphies of the clade, but they may indicate a wider 
distribution for the clade. 

The following ornithomimosaur taxa are diagnosable and 
therefore figure in the phylogenetic analysis of this clade: 

Anserimimus planinychus was briefly described by Barsbold 
(1988b) based on a single individual from the Nemegt Forma- 
tion at Bugin Tsav. This taxon was diagnosed by its expanded 
deltopectoral crest and large epicondyles of the humerus, as 
well as its manual unguals, which are straight, mediolaterally 
expanded, and flat ventrally (6.4K), all of which are unique 
characters within Ornithomimosauria. The shaft of manual 
phalanx I-1 is strongly compressed mediolaterally and slender 
in cranial view. 

Archaeornithomimus asiaticus is based on a large collection of 
disarticulated and partially articulated ornithomimid material 
that was surface-collected from bone beds at Iren Dabasu, Inner 
Mongolia, by the Central Asiatic Expeditions. Gilmore (1933a) 
erected the name Ornithomimus asiaticus for this material; in 
his opinion, the specimens differed only trivially from North 
American material referred to Ornithomimus, and his main justi- 
fication for erecting a new taxon was geographic and temporal 
separation. The remains of Archaeornithomimus asiaticus differ 
from those of other ornithomimid taxa in the subequal lengths 
of metacarpals I and II, which are both shorter than metacarpal 
II, and in the stouter proportions of the metatarsus (Russell 
1972). Smith and Galton (1990) redescribed A. asiaticus and pre- 
sented a revised diagnosis. They included a number of charac- 
ters that are plesiomorphic relative to those of other ornitho- 
mimids, such as more robust limb bones and the possession 
of five sacral vertebrae, although no complete adult sacrum 
has been described (fig. 6.5B). According to Smith and Galton 
(1990), the expansion of the ischial boot in A. asiaticus makes it 
distinguishable from all other ornithomimosaurs, although 
the difference was not quantified. Currie and Eberth (1993) 
suggested that more than one taxon of ornithomimid may be 
present in the material collected from Iren Dabasu. At present 
there is not enough character information to diagnose A. asiati- 
cus with apomorphies. 


Gallimimus bullatus is one of the best-known ornitho- 
mimids, and a number of individuals have been collected, in- 
cluding several juveniles (Osmolska et al. 1972). The external 
mandibular fenestra may be more reduced in G. bullatus than in 
other ornithomimosaurs (fig. 6.2C). The manus is proportion- 
ately shorter than in other ornithomimosaurian taxa. Other 
differences include the expanded flange bordering the extensor 
groove on the craniodistal face of the femur and an additional 
foramen of unknown function on the braincase wall bordering 
the metotic strut lateral to the vagus foramen. These characters 
need to be surveyed more extensively among other ornitho- 
mimosaurs in order to determine their diagnostic value, but 
they are potential autapomorphies. Juveniles of Gallimimus dif- 
fer from adults in having a more prominent fossa on the caudal 
face of the quadrate and open pneumatic foramina on the cau- 
dal face of the paroccipital processes. 

Garudimimus brevipes is presently known solely from the 
Cenomanian or Turonian of Mongolia (Barsbold 1981). Garudi- 
mimus lacks the inclined quadrate and quadratojugal complex 
of ornithomimid taxa and is also primitive in the retention of a 
hallux. According to Pérez-Moreno et al. (1994), a nasal horn 
was reported in Garudimimus, but such a structure is definitely 
absent (fig. 6.2B). Not completely arctometatarsalian in nature, 
the metapodium of Garudimimus is shorter and wider than in 
ornithomimid taxa. Currie and Eberth (1993) speculated that 
some remains referred to Archaeornithomimus may belong to 
Garudimimus. Barsbold (1981) reconstructed Garudimimus as 
having a reduced prearticular that does not overlap the caudo- 
dorsal border of the splenial, which would contrast with the 
condition in Gallimimus and most other theropods (Hurum 
2001) and may be diagnostic of this taxon. 

Harpymimus okladnikovi is presently known from a nearly 
complete skeleton that is missing parts of the hindlimbs (Bars- 
bold and Perle 1984). The limited anatomical descriptions do 
not allow for extensive comparisons. It differs from other or- 
nithomimosaurs, with the exception of Pelecanimimus and Shen- 
zhousaurus, in having teeth preserved in the lower jaw (fig. 6.1B). 
Although only 5 or 6 teeth are preserved in the left and right 
mandibles, respectively (Barsbold and Osmdolska 1990), both 
dentaries show some damage, and it is likely that Harpymimus 
had 10-11 teeth, as noted by Barsbold and Perle (1984). The first 
metacarpal is shorter compared with metacarpal II than in most 
ornithomimosaur taxa and resembles the primitive theropod 
condition (fig. 6.4J). Harpymimus is also distinguished from most 
other ornithomimosaurs by its more robust humerus and by not 
being arctometatarsalian. These characters are plesiomorphies, 
however, and no autapomorphies have been proposed to diag- 
nose Harpymimus thus far. An autapomorphy-based diagnosis 
awaits a more complete description of this Early Cretaceous 
taxon. 

Ornithomimus edmontonicus, erected by Sternberg (1933a), 
is known from multiple specimens, mainly from Alberta. This 
taxon is diagnosed by several autapomorphies, including hav- 
ing metacarpal I longer than the other metacarpals (fig. 6.4H),a 
bifid dorsal ramus of the quadratojugal for reception of the 
descending ramus of the squamosal, and a well-defined incision 
in the caudal border of the quadratojugal for the quadrate fora- 
men (fig. 6.2A). Russell (1972) erected Dromiceiomimus for two 
species that Parks (1926a, 1928b) had originally referred to 
Struthiomimus. Russell’s diagnosis was based on minor differ- 
ences in select ratios between skeletal parts, but Nicholls and 
Russell (1981) questioned the validity of this approach and 
considered Dromiceiomimus synonymous with Ornithomimus. 
Reexamination of the select ratios between skeletal elements 


originally used by Russell (1972) in a wider range of specimens 
revealed no statistical support for his diagnosis of Dromiceio- 
mimus. The two species of Dromiceiomimus are referable to O. ed- 
montonicus based on the bifid dorsal ramus of the quadratojugal. 

Ornithomimus velox is based on a fragmentary manus and 
metatarsus diagnosed by metacarpal I being the longest bone of 
the metacarpus (Marsh 1890b). A second specimen, from the 
Kaiparowits Formation of Utah, was referred to O. velox by De- 
Courten and Russell (1985). According to these authors, O. velox 
can be distinguished from other ornithomimids by having 
gently curved pubic shafts and a proportionately longer ungual 
on the second pedal digit. Too little is known of these taxa to 
evaluate a distinction between O. velox and O. edmontonicus at 
present, but future discoveries may show them to be conspecific, 
with O. velox the senior synonym. 

Pelecanimimus polyodon is unique among ornithomimosaurs 
and other theropods in the extremely high number of minute 
teeth (220) that line its jaws (fig. 6.1C; Pérez-Moreno et al. 1994). 
Unlike other ornithomimosaurs, Pelecanimimus possesses small 
lacrimal horns (Pérez-Moreno et al. 1994). Soft tissue impres- 
sions surrounding parts of the skeleton reveal that this taxon 
had a gular pouch and an occipital crest (Briggs et al. 1997). Only 
a preliminary description of this taxon is available. Taquet and 
Russell (1998) suggested that this taxon may be a spinosaurid 
because of purported dental similarities, but there is little sup- 
port for this hypothesis from other parts of the skeleton. Autapo- 
morphies of Pelecanimimus polyodon include the large number of 
teeth, the presence of seven premaxillary teeth, and possibly the 
convergent evolution of the elongate first metacarpal indepen- 
dent of higher ornithomimosaurs. 

Shenzhousaurus orientalis, a recently described basal ornitho- 
mimosaur from the lowermost beds of the Yixian Formation of 
Liaoning, China (Ji et al. 2003), is based on a differential diag- 
nosis rather than autapomorphies. It differs from all other or- 
nithomimosaurs save Harpymimus in having a reduced denti- 
tion restricted to the symphyseal region of each dentary and a 
short metacarpal I that is about half the length of metacarpal II. 
Shenzhousaurus is distinguishable from Harpymimus by its straight 
ischial shaft and acuminate posterior end of the ilium. It is 
roughly coeval in age with Pelecanimimus. 

Sinornithomimus dongi is based on at least 14 specimens of 
varying ontogenetic stages (Kobayashi and Lti 2003). Kobayashi 
and Lt (2003) used a series of cranial autapomorphies, such as a 
vertical lamina subdividing the quadrate pneumatic foramen, a 
depression on the roof of the parietal, and a low ventral ridge 
along the base of the inflated parasphenoid bulla. They also 
cited loss of the lateral wing of the proatlas as a further autapo- 
morphy, but the proatlas is only known from a single specimen 
of Struthiomimus, and its shape is unknown in other relevant 
taxa. 

Struthiomimus altus is based on fragmentary material from 
what is now Dinosaur Provincial Park, Alberta, Canada, which 
Lambe (1902) named Ornithomimus altus. Osborn (1917) referred 
a second, much more complete specimen from the same local- 
ity to this species and placed it in Struthiomimus. Osborn (1917) 
diagnosed this taxon as preserving the fifth metatarsal, but as 
suspected by Sternberg (1933a), this supposed difference is a 
preservational artifact. Derived features diagnosing Struthio- 
mimus altus include the extreme length of the manus, which is 
longer than either the skull or the humerus, and the extreme 
length of the manual unguals, which constitute over a quarter 
of the manual length (fig. 6.4G). 

Ornithomimosaur monophyly has never been seriously ques- 
tioned, but relationships within Ornithomimosauria have rarely 
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Pelicanimimus polyodon 
Shenzhousaurus orientalis 
Harpimimus okladnikovi 
Garudimimus breviceps 
Archaeornithomimus asiaticus 
Ornithomimus edmontonicus 
Struthiomimus altus 
Anserimimus planinychus 
Gallimimus bullatus 


FIGURE 6.6. Strict consensus tree depicting phylogenetic relationships 
among ornithomimosaur taxa, based on an analysis of 220 characters 
in 50 coelurosaurian taxa. Relationships among nonornithomimosaur 
taxa are not depicted. 


been considered. Russell (1972) distinguished Cretaceous or- 
nithomimids as derived relative to Elaphrosaurus, which he 
considered an ancestral ornithomimid, but this taxon has sub- 
sequently been removed to Ceratosauria (Holtz 1994, 2001a). 
Barsbold (1981) was the first to recognize a basal split within Or- 
nithomimosauria, between the more primitive Garudimimus, 
which he placed in a separate family of its own, and the more 
derived Ornithomimidae. Barsbold and Perle (1984) posited 
Harpymimus as even more basal than Garudimimus, a view fol- 
lowed by Barsbold and Osmolska (1990), who presented the first 
phylogenetic interpretation of ornithomimid relationships. 
Within Ornithomimosauria they considered Gallimimus and 
Struthiomimus to be sister taxa, with Ornithomimus and Archae- 
ornithomimus progressively more distant sister taxa to this dyad. 
Many of their characters were based on ratios between anatom- 
ical regions. A numerical cladistic analysis of Ornithomimo- 
sauria by Yacobucci (1991) confirmed Harpymimus and Garudim- 
imus as successive sister taxa to amonophyletic Ornithomimidae 
and found Anserimimus to group with Ornithomimus and Dromi- 
ceiomimus. Unfortunately, the matrix for this study is unavail- 
able. Pelecanimimus was found to be the basal ornithomimid 
in a small cladistic analysis published by Peréz-Moreno et al. 
(1994), which only sampled Garudimimus and Gallimimus in ad- 
dition to Pelecanimimus. OsmOlska (1997) presented a different 
scheme of ornithomimosaurian relationships in which Harpy- 
mimus is the basal taxon, with Pelecanimimus and Garudimimus 
progressively closer sister taxa to Ornithomimidae. Within Or- 
nithomimidae, Archaeornithomimus is basal to a clade com- 
posed of (Gallimimus [Anserimimus + North American ornitho- 
mimids]). Norell et al. (2001c) and Xu et al. (2002b) included 
five ornithomimid taxa in their broad study of coelurosaurian 
relationships. In this work, Struthiomimus and Gallimimus were 
monophyletic relative to the three taxa Pelecanimimus, Garudim- 
imus, and Harpymimus, but resolution between these basal taxa 
was not achieved. Kobayashi and Li (2003) published a phylo- 
genetic analysis of the clade that included all recognized taxa 
except Shenzhousaurus. In similarity with other published analy- 
ses they found a basal arrangement of (Pelecanimimus [Harpy- 
mimus (Garudimimus + Ornithomimidae)]) in their analysis. Within 
Ornithomimidae, their results posit Archaeornithomimus as basal 
with respect to the other taxa and Sinornithomimus as the sister 
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taxon to a ({Gallimimus + Anserimimus][North American taxa]) 
clade. Independently, Ji et al. (2003) provided a phylogenetic 
analysis of ornithomimosauts within a larger analysis of coeluro- 
saurian relationships. 

Here we reiterate the latter study, sampling almost all valid 
and potentially valid ornithomimosaur taxa except Sinornitho- 
mimus. The complete matrix has 219 characters and 50 taxa, 
including nine ornithomimosaur species. Allosaurus was used to 
root the tree, but ina sense all included coelurosaur species serve 
as outgroups to the ornithomimosaur clade. This comprehen- 
sive approach was used because of the lack of consensus regard- 
ing the relationship of Ornithomimosauria to outgroup taxa 
and the concomitant difficulty of correctly establishing char- 
acter polarities. The data matrix was analyzed using NONA 
(Goloboff 1993) run through the Winclada interface (Nixon 
1999). One thousand repetitions of the tree-bisection regrafting 
algorithm were used to find islands of shortest trees, followed by 
branch swapping to find all shortest trees. The analysis found 
432 trees (tree length = 586, CI = 45, RI = 75); the part concern- 
ing ornithomimosaurs from the strict consensus tree is pre- 
sented in figure 6.6. 

Monophyly of Ornithomimosauria is well supported by five 
unambiguous synapomorphies: a pneumatic cultriform ros- 
trum (bulla), an expanded narial process of the premaxilla that 
separates the nasal and the maxilla caudal to the naris, a sub- 
triangular dentary, a dorsolateral flange on the surangular that 
forms an expanded articulation with the quadrate, and the ra- 
dius and ulna tightly appressed distally. Pelecanimimus is the 
basal member of Ornithomimosauria. The clade comprising all 
ornithomimosaurs except Pelecanimimus corresponds to the 
Ornithomiminae of Sereno (1998) and is unambiguously diag- 
nosed by the loss of teeth in the upper jaws and their restriction 
to the rostral end of the mandibles, as well as a rostroventral kink 
in the buccal margin at the tip of the mandibles. Harpymimus 
and higher ornithomimosaurs form a clade that is derived rela- 
tive to Shenzhousaurus in having a rostroventrally curved rather 
than a straight ischium. 

Acompletely edentulous clade comprising Garudimimus and 
Ornithomimidae is characterized by a caudodorsally curving 
retroarticular process, incorporation of a sixth sacral vertebra, 
and the loss of teeth in the lower jaws. The clade comprising 
Archaeornithomimus, Anserimimus, Ornithomimus, Gallimimus, and 
Struthiomimus corresponds to Ornithomimidae as defined by 
Russell (1972) and is diagnosed by two unambiguous characters: 
areduced proximal metatarsal II forming an arctometatarsalian 
foot and loss of the first pedal digit. Within Ornithomimidae 
no clades are unambiguously supported. Archaeornithomimus, 
Anserimimus, and Ornithomimus are potentially united into a 
clade by sharing straight manual unguals. Two kinds of manual 
unguals are known for Archaeornithomimus, however, and this 
polymorphism, which may reflect the existence of more than 
one taxon (Currie and Eberth 1993), affects the potential mono- 
phyly of this clade. 


Biogeography 


Ornithomimosaurs are known predominantly from Central Asia 
and western North America. The basal Pelecanimimus comes from 
the Barremian of western Europe. Optimization of continent- 
scale distributions onto the most parsimonious trees implies 
that much of the early evolutionary history of ornithomimo- 
saurs was within Asia, as exemplified by Shenzhousaurus, 
Harpymimus, and Garudimimus. Optimization of the center of 


origin, however, is difficult due to the presence of Pelecanimimus 
in Spain and to the multiple, equally parsimonious optimizations 
of areas of origin onto the stem leading to ornithomimosautrs. 

Within Ornithomimidae at least one dispersal from Asia to 
North America across Beringia is required to account for the 
presence of Struthiomimus and Ornithomimus in North America, 
provided these two taxa form a monophyletic clade. If Or- 
nithomimus and Struthiomimus are not immediate sister taxa, 
either one more dispersal to North America or a dispersal back 
to Asia is evoked to account for the distribution of Late Creta- 
ceous ornithomimids. 

Comparison of the biogeographic history of ornithomimo- 
saurs within the broader context of several other dinosaur groups 
that display a predominantly Asian-North American distribu- 
tion during the Cretaceous reveals some interesting patterns. 
Several other dinosaur clades whose derived members are mainly 
known from Asia and North America have basal taxa from the 
Early Cretaceous of Europe. For example, the putative basal 
tyrannosauroid Eotyrannus and the primitive pachycephalosaur 
Yaverlandia are from the Wealden Formation of the Isle of Wight. 
Another basal pachycephalosaur, Stenopelix, is from Wealden- 
age rocks of Germany (Sues and Galton 1982). In similarity with 
these clades, as well as with hadrosaurids, ceratopsians, and 
ankylosaurids, later and more derived members of Ornitho- 
mimosauria were restricted largely to Asia and North America 
following separation of Europe and Asia by the Turgai Straits. 
Judging from recent phylogenetic studies of dinosaur clades 
that inhabited Asia and North America during the Cretaceous, 
ornithomimosaurs may have dispersed less readily across the 
Beringian landbridge than did clades such as hadrosaurids and 
pachycephalosaurs (Sereno 1999a). The numbers of dispersals 
represent underestimates, however, as phylogenetic studies are 
restricted to diagnostic and complete taxa, and dispersal is min- 
imized through optimization. 


Paleobiology 


Ornithomimosaurs have large orbits, and preserved sclerotic 
rings have wide diameters, indicating a well-developed sense of 
vision. The orbits face laterally, and the field of stereoscopic view 
was limited in comparison with that of other derived theropods, 
such as troodontids and dromaeosaurids. 

A partial endocranial cast of Ornithomimus (Russell 1972) dis- 
plays large, well-developed cerebral hemispheres and reflects 
the trend toward proportional enlargement of the forebrain in 
tetanuran theropods (Larsson et al. 2000). The olfactory bulbs, 
by contrast, are thin and short, indicating a poor sense of smell. 
Russell (1972) stated that the cerebral hemispheres were about 
twice as large as those of Troodon, suggesting that ornithomimids 
may have had encephalization quotients approaching those 
seen in troodontids and extant birds. The anatomy of the hind- 
limb suggests that these animals were fast runners and probably 
had a correspondingly well developed sense of balance. 

The lightly built skulls and edentulous beaks of most or- 
nithomimosaurs have prompted much speculation about the 
diet and feeding habits of these animals. Osborn (1917) pre- 
sented three different hypotheses for ornithomimid feeding 
behavior: a browsing, herbivorous lifestyle; myrmecophagous 
habits; and predation on freshwater invertebrates. Later authors 
(OsmOlska et al. 1972; Russell 1972) considered ornithomimids 
to be predators, mainly because ornithomimosauts are nested 
among carnivorous theropods, and suggested that the weak jaw 
muscles and edentulous beaks restricted ornithomimids to prey 


on small vertebrates, insects, and possibly eggs. Russell (1972) 
interpreted the ornithomimid skull as kinetic with limited 
movement of the quadrate and a possible zone of flexion where 
the nasals overlap the frontals, and he speculated that such ki- 
nesis may have assisted in swallowing small prey whole. Rota- 
tion of the quadrate is unlikely, however, as the head is posi- 
tioned in a deep cotyle on the squamosal, and would also have 
been prevented by the contact with the descending process of 
the squamosal and the adherence between the elements sur- 
rounding the constricted infratemporal fenestra. Nicholls and 
Russell (1985) suggested that the edentulous beak of ornitho- 
mimids was similar to those of extant ratites and thus indicative 
of herbivory. Nevertheless, the ornithomimid beak is not flat 
like that of ratites but has a deep edge rostrally (Barsbold and 
OsmoOlska 1990). 

The nonraptorial nature of the forelimb has also generated 
much discussion of ornithomimosaur life habits. Although 
proportionately long, the ornithomimosaur forelimb is weakly 
developed in all taxa, and the unguals are either weakly curved 
or straight, arguing against a predatory role. Nicholls and Rus- 
sell (1981) undertook a functional analysis of the forelimb of 
Struthiomimus and concluded that there was little potential for 
pronation and supination of the antebrachium due to the close 
contact between the radius and ulna, but they found a limited 
possibility for opposability between digit I and digits II and III. 
They dismissed the possibility of raking or digging, previously 
suggested by Osmolska et al. (1972), because it would have re- 
quired extensive rotation of the antebrachium; however, they 
interpreted an extension of the forelimb and suggested that it 
may have been used for grasping branches and fern fronds. 
Other ornithomimids, such as Gallimimus bullatus, have shorter 
hands than Struthiomimus altus and may not have been able to 
perform the same range of manual movements (Barsbold and 
Osmolska 1990). 

Recently, gastroliths were found within an assemblage of ar- 
ticulated Sinornithomimus skeletons (Kobayashi et al. 1999) and 
in the toothed Shenzhousaurus. Characteristics of the ornitho- 
mimid gastroliths such as the large volume of stones and the 
mean size of the individual pebbles resemble those of extant 
herbivorous or filter-feeding birds. The position and composi- 
tion of the single gastrolith mass within the abdominal rib cage 
indicates that it was contained within a single organ in the di- 
gestive canal and that it functioned in food processing. The ab- 
sence of bony inclusions and the presence of little or no apatite 
in the matrix suggests that vertebrate prey had not been eaten, 
and the large numbers of grains (170 grains per cm*) indicate 
that the gastrolith mass may have been used to mechanically 
break down plant matter or invertebrate skeletons. The mean 
grain size (1.27 mm) is small with respect to body weight (10 kg 
for a juvenile) in Sinornithomimus. However, some gastroliths in 
Shenzhousaurus are large, and variation in the size of the or- 
nithomimid gastroliths is high, as in extant anseriforms, where 
gastrolith size can vary from gravel to colloidal particles. The 
presence of gastroliths is variable, however. A number of artic- 
ulated ornithomimid skeletons (e.g., Ornithomimus and Gallim- 
imus) are well preserved but lack gastroliths. Among extant birds 
the presence of grit in the gizzard is known to vary widely 
among individuals of a single species and according to the sea- 
son, diet, and the availability of grit particles. 

The fine-combed filtering apparatus described in Gallimimus 
(Norell et al. 2001b) suggests that at least some ornithomimo- 
saurs may have strained particulate food in an aqueous environ- 
ment. The columnar structures preserved at the rostral end of 
both jaws fill the gap caused by the rostral divergence of the 
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upper and lower jaws, suggesting that the columns covered the 
full extent of the gap when the jaws were occluded, forming 
an effective barrier for particles. The spacing between individual 
columns is small (0.5 mm, n= 19), indicating that fine particles 
were strained. Large Gallimimus are more than 4m long and may 
have been the largest known terrestrial filter feeders. Pelecanim- 
imus is unique among theropods in possessing more than 200 
miniscule teeth. These teeth are restricted to the rostral third of 
the maxilla and the rostral half of the dentary. Pérez-Moreno et 
al. (1994) interpreted this dentition as functioning as a cutting 
and ripping blade. The discovery of a columnar straining appa- 
ratus in the beak of Gallimimus suggests the possibility that the 
closely packed minute teeth of Pelecanimimus may instead rep- 
resent an initial stage of filter-feeding habits. Pelecanimimus is 
the only ornithomimosaur that probably did not have a kerati- 
nous beak, at least on the upper jaw. Pelecanimimus apparently 
had a gular pouch (Pérez-Moreno et al. 1994; Briggs et al. 1996), 
which may have been used in filter feeding or perhaps piscivory. 

The presence of fine-grained gastroliths is not inconsistent 
with a filtering diet in ornithomimids, given the fine size of 
some of the gastroliths and the use of grit by living filter-feeding 
birds. Furthermore, ornithomimid fossils are more common in 
fluvial or lacustrine deposits from at least seasonally wet environ- 
ments such as those interpreted for the Iren Dabasu, Nemegt, 
and Dinosaur Park formations, but they are rare or absent in 
drier environments such as that of the Djadokhta Formation 
(Barsbold and OsmOlska 1990; Norell et al. 2001b). In summary, 
at least some ornithomimosaurs may have strained part of their 
diet from bodies of freshwater, but many questions still remain 
regarding the diet of these animals. 
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The cursorial abilities of ornithomimids have been recog- 
nized for a long time, and these animals have among the high- 
est ratios of hindlimb length to presacral vertebral column 
length in Theropoda. Russell (1972) compared the ornithomimid 
pelvis and hindlimb to that of extant ratites and concluded, 
based on his reconstructions of the ornithomimid pelvic and 
hindlimb musculature, that these dinosaurs might have been 
able to attain the speed but not the maneuverability of modern 
cursors such as ostriches. Maximum running-speed estimates 
for ornithomimosaurs vary from about 35 to 60 km/hr (Thul- 
born 1990). 

Paucispecific bone-bed assemblages of Archaeornithomimus 
at Iren Dabasu (Gilmore 1933a; Currie and Eberth 1993) and 
a mass-mortality occurrence of Sinornithomimus in the Ulan- 
suhai Formation (Kobayashi et al. 1999; Kobayashi and Li 
2003), both in Inner Mongolia, demonstrate that at least more 
advanced ornithomimosaurs exhibited some form of gregari- 
ous behavior. These occurrences preserve remains of a size 
range of individuals from juvenile to adult animals. It is unclear 
whether gregarious behavior was common and perennial or 
seasonal or facultative. Most ornithomimids are found apart 
from others. 

Eggs from Iren Dabasu, in China, were tentatively attributed 
to ornithomimids (Currie and Eberth 1993) but cannot be 
identified with certainty without a more direct association with 
embryonic or other skeletal material. Nothing is known about 
their reproductive biology. Russell (1972) pointed out that the 
pelvic canal of ornithomimosaurs is proportionately wide and 
speculated that ornithomimosaurs may have laid fewer and larger 
eggs (or live young) than other theropods. 
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In the decade since the publication of the first edition of this 
book several important discoveries have greatly expanded our 
understanding of the group previously known as Segnosauria 
and resolved the controversy over their relationships (table 7.1). 
Rather than their being relegated to a chapter between sauro- 
podomorphs and ornithischians and considered Saurischia sedis 
mutabilis (Barsbold and Maryanska 1990), new evidence has re- 
affirmed their identity as theropods, as proposed by Perle and 
Barsbold in their original descriptions of this group. These im- 
portant new discoveries include individuals with simple, feather- 
like integumentary structures (Xu et al. 1999a), the first record 
outside of Asia, and a tantalizing dentary that may extend the 
temporal range of the group back to the Early Jurassic (Zhao 
and Xu 1998; Xu et al. 2001). Furthermore, the poorly known 
Therizinosaurus is now considered to belong to this group (Rus- 
sell and Dong 1993a), resulting in several important changes to 
the nomenclature that require a brief explanation. 

Based on their allocation of Therizinosaurus to the group 
including Segnosaurus, Russell and Dong (1993a) revised the 
nomenclature in recognition of the priority of Therizinosauri- 
dae Maleev, 1954. They synonymized the Segnosauridae Perle, 
1979, with the Therizinosauridae and, following the ICZN Prin- 
ciple of Coordination endowing the superfamily name with the 
same date of publication as the family name, synonymized 
the Segnosauria Barsbold et Perle, 1980, with the Therizino- 
sauroidea, within which they included the Therizinosauridae 
and the new Family Alxasauridae. Although the replacement of 
a familiar name with a less familiar one can cause confusion, 
these changes are required by the ICZN as long as (1) Therizino- 
saurus is indeed a member of this taxon and (2) the name for 
the taxon is considered to be of the family group. The small 
amount of evidence placing Therizinosaurus within the taxon is 
not outweighed by evidence for its placement in any other 
group, and neither diversity within the group nor the position 
of the group within Theropoda requires a hierarchical posi- 
tion above the suprafamilial level, so Therizinosauroidea is 
considered here the valid name for the group. 

The relationships of these therizinosauroids were poorly 
understood for many years because of their unusual combina- 
tion of features. The pelvis is opisthopubic, a feature known 
otherwise only in birds and their closest relatives among coeluro- 
saurian theropods. However, the first digit of the foot, including 


the proximal end of the first metatarsal, is fully formed, and the 
first four metatarsals are spread out, in contrast to the compact, 
tridactyl pes usually found in theropods. Furthermore, the skull 
is highly specialized, with an edentulous rostrum and many 
symmetrical, nonrecurved teeth. 

Perle and Barsbold (Perle 1979; Barsbold and Perle 1980; Bars- 
bold 1983a) considered the group they called Segnosauria to 
most probably represent a separate lineage of predatory dino- 
saurs within Theropoda. However, Perle (1981) suggested that 
Segnosauria did not show characters unequivocally justifying 
their assignment to Theropoda or any other known dinosaurian 
higher taxon. An alternative hypothesis by Paul (1984a) con- 
tended that segnosaurs are related to ornithischians and that 
prosauropods were the closest relatives of these two taxa. 
Gauthier (1986) considered them to be related to sauropodo- 
morphs, as did Sereno (1989), and Gauthier presented evidence 
for the monophyly of Saurischia and Sauropodomorpha con- 
tradicting any special relationship between prosauropods and 
ornithischians. 

The discovery and description of Alxasaurus elesitaiensis 
Russell et Dong, 1994, based on two articulated skeletons, one 
of which is nearly complete, revealed sufficient theropod fea- 
tures to shift the weight of evidence to this group. The three- 
digit manus with a short first metacarpal, slender third meta- 
carpal, and semilunate distal carpal capping metacarpal I is 
particularly persuasive evidence. The redescription of the skull 
of Erlikosaurus (Clark et al. 1994) also highlighted several fea- 
tures allying it with theropods, such as extensive basicranial 
pneumaticity and an intramandibular joint. The description 
of the primitive therizinosauroid Beipiaosaurus inexpectus (Xu 
et al. 1999a), further revealed that the first metatarsal of this 
taxon is compressed proximally and does not reach the tarsus, 
as in coelurosaurian theropods and unlike the plesiomorphic 
dinosaurian condition retained in sauropodomorphs. 

Therizinosauroidea currently is represented by 11 species in 
ten genera, all but one from Asia. The great generic diversity is 
due in part to the incompleteness of the material and the re- 
sulting poor understanding of species-level relationships, 
however. The ten definitive members of the group are from 
the Cretaceous, but Eshanosaurus deguchiianus, from the Lower 
Jurassic Lower Lufeng Series of China (Xu et al. 2001), is tenta- 
tively referred to Therizinosauroidea. 
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Therizinosauroidea 
Occurrence Age Material 
Theropoda Marsh, 1881a 
Coelurosauria von Huene, 1914a 
Therizinosauroidea (Maleev, 1954) 
(= Segnosauria Barsbold and Perle, 1980; 
Segnosaurischia Dong, 1992) 
Beipiaosaurus Xu, Tang, et Wang, 1999a 
B. inexpectus Xu, Tang, et Wang, 1999a Yixian Formation Barremian Incomplete skeleton with 
(Liaoning), People’s integument 
Republic of China 
Unnamed Group 
Alxasaurus Russell et Dong, 1993 
A. elesitaiensis Russell et Dong, 1993 Bayin-Gobi Formation ?Albian 2 incomplete skeletons 
(Nei Mongol Zizhiqu), 
People’s Republic of China 
Enigmosaurus Barsbold et Perle, 1983 
E. mongoliensis Barsbold et Perle, 1983 Bayanshiree Svita Cenomanian- Incompletely preserved pelvis 
(Dornogov’), Mongolia Santonian 
Therizinosauridae Maleev, 1954 
Erlianosaurus Xu, Zhang, Sereno, Zhao, 
Kuang, Han, et Tan, 2002d 
E. bellamanus Xu, Zhang, Sereno, Iren Dabasu Formation ?Campanian Partial 
Zhao, Kuang, et Tan, 2002d (Nei Mongol Zizhiqu), skeleton 
People’s Republic of China 
Erlikosaurus Perle, 1981 
E. andrewsi Perle, 1981 Bayanshiree Svita Cenomanian- Skull, pes, fragmentary 
(Omnégov’), Mongolia Santonian postcranium 
Eshanosaurus Xu, Zhao, et Clark, 2001a 
E. deguchiianus Xu, Zhao, et Clark, Dull Purplish Beds of the ?Hettangian Dentary 
2001a Lower Lufeng Series 
(Yunnan), People’s 
Republic of China 
Nanshiungosaurus Dong, 1979 
N. brevispinus Dong, 1979 Yuanpu Formation Campanian Vertebral column, pelvis 
(Guandong), People’s 
Republic of China 
?N. bohlini Dong et Yu, 1997 Xinminbao Group (Gansu), Barremian- 16 cervical and dorsal 
People’s Republic of China Albian vertebrae 
Nothronychus Kirkland et Wolfe, 2001 
N. mckinleyi Kirkland et Wolfe, 2001 Moreno Hill Formation middle Teeth, fragmentary skull 
(New Mexico), United Turonian bones, cervical and other 
States vertebrae, scapula, partial 
forelimb and hindlimb 
Segnosaurus Perle, 1979 
S. galbinensis Perle, 1979 Bayanshiree Svita Cenomanian- 3 specimens, including 
(Dornogov’), Bayanshiree Santonian mandible, pelvis, hindlimb, 
Svita (Omnégov’), scapulocoracoid, incomplete 
Mongolia forelimb, fragmentary 
vertebrae 
Therizinosaurus Maleev, 1954 
T. cheloniformis Maleev, 1954 White Beds of Hermiin early Forelimb elements, referred 
Tsav, Nemegt Formation Maastrichtian hindlimb 
(Omnégov’), Mongolia 
Neimongosaurus Zhang, Xu, Sereno, 
Kuang, et Tan, 2001 
N. yangi Zhang, Xu, Sereno, Iren Dabasu Formation ?Campanian 2 specimens, with most of 


Kuang, et Tan, 2001 


(Nei Mongol Zizhiqu), 
People’s Republic of China 


axial column, many limb and 
girdle elements, dentary 


Nomen dubium 


Material 


Chilantaisaurus zheziangensis Dong, 1979 


pedal digits 


For simplicity, those species in monospecific genera are usu- 
ally referred to below by only their generic nomen. 


Definition and Diagnosis 


Therizinosauroidea is here defined as the least inclusive clade 
containing Therizinosaurus and Beipiaosaurus. This definition is 
problematic as it excludes Eshanosaurus, a taxon that is tenta- 
tively referred to this group but may prove to belong to another 
when it becomes better known. A stem-based definition might 
have certain advantages over this node-based definition, but un- 
certainties in the sister-group relationships of therizinosauroids 
preclude a stable stem-based name. Indeed, given the instability 
of recent phylogenetic hypotheses for coelurosaurs, phylogenetic 
definitions for higher-level coelurosaur taxa may be premature. 

Therizinosauroidea is currently diagnosed by the following 
features (see the “Systematics and Evolution” section below for 
further details): a toothless premaxilla with a sharp, ventrally 
projecting rim (also in many avialans); a very elongate external 
naris bordered caudoventrally by the maxilla (also in tro- 
odontids); an antorbital fossa surrounded by a well-developed 
rim except caudally (also in some oviraptorids, but to a lesser ex- 
tent); a palate with greatly elongate vomers and rostrally 
reduced pterygoids; a greatly enlarged and pneumatized 
basicranium constricting the external acoustic meatus ventrally 
(possibly homologous with the expanded parasphenoid of 
troodontids and ornithomimids but not strictly comparable); a 
dentary with a rim on the lateral surface forming a horizontal 
shelf; dentary teeth increasing in size rostrally; maxillary and 
distal dentary teeth laterally compressed, symmetrical in lateral 
view, with coarse serrations (except in Eshanosaurus) and cylin- 
drical roots; a humerus with strongly expanded proximal and 
distal ends, distal condyles on the cranial surface (convergent 
with birds and alvarezsaurids), and a sharply pointed tubercle 
on the caudomedial surface midshaft; two large distal carpals 
capping metacarpals I and II, the medial one semilunate; a deep 
and long preacetabular process of the ilium with a pointed 
cranioventral extremity that flares outward at a right angle to 
the sagittal plane; a long obturator process of the ischium con- 
tacting the pubis; the ascending process of the astragalus cover- 
ing only part of the distal end of the tibia; and short and broad 
metatarsals. Other distinctive features that may be diagnostic, 
depending on the relationships of the group, are an edentulous 
premaxilla (also in ornithomimosaurs, oviraptorosaurs, and 
Neornithes); a maxilla dorsal to the palatal surface and facing 
ventrolaterally (oviraptorids); a large prefrontal (reduced in all 
coelurosaurs except Ornithomimosauria and possibly Alvarez- 
sauridae); the mesial end of the dentary downturned (also in or- 
nithomimosaurs and some troodontids); the coronoid absent 
(highly reduced in oviraptorosaurs, absent in Avialae); the 
deltopectoral crest of the humerus one-third or more the length 
of the bone (also in oviraptorosaurs); and the opisthopubic 
condition of the pelvis (also in dromaeosaurids and avialans). 
The skull and mandible also may be small relative to the post- 
cranial skeleton, but the currently known material is inadequate 
to demonstrate this. 


Anatomy 


Skull and Mandible 


The following description of therizinosauroid cranial structures 
is based mainly on Erlikosaurus andrewsi (Clark et al. 1994). Skulls 
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FIGURE 7.1. Skull and mandible of Erlikosaurus andrewsi: A-C, skull in 
A, ventral, B, left lateral, and C, dorsal views; D, E, left mandible in D, 
medial, and E, lateral views. Scale = 5 cm. (From Clark et al. 1994.) 


of Alxasaurus and Beipiaosaurus are also known but have not yet 
been described (Dong and Xu, pers. comm.). 

Little of the postcranial skeleton of Erlikosaurus is pre- 
served, but the size of the mandible relative to the postcranial 
skeleton in other taxa (Beipiaosaurus, Alxasaurus, Segnosaurus, 
Neimongosaurus) suggests that the skull was small (Russell and 
Russell 1993; Xu et al. 1999a) in comparison with that of many 
theropods. 

The skull of Erlikosaurus is long and low (fig. 7.1), with large, 
elongate external nares surrounded by a horizontal narial shelf. 
It is delicately constructed, and the bone of the braincase and 
antorbital fossa regions is especially thin. The premaxillae form 
a wide, toothless beak that is heavily vascularized and was prob- 
ably provided with a horny sheath during life. Its ventrolateral 
edge is sharp and vertical, unlike that of the otherwise similar 
ornithomimosaur premaxilla. The nasal process of the pre- 
maxilla is narrow and long, and the subnarial process is short. 
The maxilla forms the caudoventral margin of the external naris 
and bears a long jugal ramus caudal to the last maxillary tooth. 
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The most rostral portion of the maxilla is edentulous, and the 
maxillary tooth row ends below the middle of the antorbital 
fenestra. The teeth are inset from the lateral edge of the maxilla, 
and the lateral surface of the maxilla beneath the antorbital fen- 
estra faces ventrolaterally. There are only a few, large foramina 
along the dentigerous portion of the maxilla. The maxilla forms 
a well-developed, thin rim around the rostral edge of the ant- 
orbital fossa and a medial wall to the rostral third of the fossa. A 
promaxillary fenestra is apparently absent, unless a small one is 
present near the rostral or ventral edge of the fossa. 

The prefrontal is large for a coelurosaurian, similar to that 
of ornithomimosaurians. Ventrally it contacts the dorsal sur- 
face of the T-shaped lacrimal. The long, rostrally narrow nasal 
forms two-thirds of the dorsal border of the elongate external 
naris but does not border it ventrally. The jugal is long and low 
rostrally and divided caudally. The caudal jugal process forms 
much of the ventral border of the infratemporal fenestra. The 
quadratojugal is shaped like an inverted 7; overlapping rostrally 
the caudoventral process of the jugal, contacting the squamosal 
dorsally, and extending to the caudal end of the quadrate. The 
quadrate is vertical, with a strongly concave caudal margin, and 
a quadrate foramen is formed between it and the quadratojugal. 
The quadrate articulates only with the squamosal, well lateral to 
the side of the braincase. 

The most rostral portion of the palate is formed by hori- 
zontal palatal processes of the premaxillae and maxillae. The 
choanae are bordered rostrally by the maxillae and vomer. Cau- 
dal to the palatal processes of the maxillae, the palate is highly 
vaulted along the midline. A small subsidiary palatine fenestra 
is present between the palatine and the pterygoid. The fused 
vomers form a long, vertical plate that is wedged rostrally be- 
tween the palatal processes of the premaxillae and maxillae and 
reaches as far caudally as the lateral flange of the pterygoid. The 
large, long palatine is shifted slightly caudally. 

The ectopterygoid bears a stout process ventrally, near the 
contact with the pterygoid, but much of the bone is missing. 
The palatal ramus of the pterygoid is short and lies close to 
the parasphenoid, and there is no interpterygoid vacuity. The 
quadrate ramus of the pterygoid is close to the braincase, and 
the basipterygoid processes are either small or absent. The nar- 
row cultriform process is comparatively long and wedged be- 
tween the vomers rostrally. 

The basicranial and otic regions of the skull are swollen 
and strongly pneumatized (fig. 7.2). The expansion is caudal to 
the basipterygoid processes, unlike the parabasisphenoid bulla 
of troodontids and ornithomimosaurs. The semilunate orbito- 
sphenoid is small, and the remaining bones of the braincase are 
co-ossified. The trigeminal opening of the braincase is divided 
into three passages laterally. 

The parietals are fused and form a flat dorsal surface between 
the supratemporal fenestrae. The frontals are broad caudally and 
end abruptly dorsal to the caudal end of the antorbital fenestra. 
The postorbital and squamosal are both simple, triradiate bones, 
and the medial process of the postorbital is expanded and flat- 
tened (also in Beipiaosaurus). The infratemporal fenestra is oval 
with a caudodorsally directed long axis. 

The occiput is broad below the occipital condyle and slopes 
rostrodorsally dorsal to the foramen magnum (fig. 7.2). The 
supraoccipital bears a vertical median ridge. The parietal in- 
vades the occiput but makes only a small contribution. The 
exoccipital portion of the co-ossified braincase is large, with a 
long, high, laterally directed, hollow paroccipital process. A 
large caudal tympanic recess opens into the rostral surface of 
the process. The ventrolateral expansion of the braincase has 
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FIGURE 7.2. Braincase of Erlikosaurus andrewsi: A, medial view of right 
side; B, occipital view. Scale = 5 cm. (From Clark et al. 1994.) 


enclosed the passages of what may be auditory tubes and the in- 
ternal carotid artery and greatly occludes the external acoustic 
meatus. Laterally the expansion encloses the entire otic region, 
creating a space similar to, but more extensive than, the lateral 
depression of troodontids. 

The lower jaw is generally shallow, and the rostral region is 
curved downward in all taxa in which it is known to be present. 
Downward bending is stronger in Segnosaurus, Beipiaosaurus, 
and Neimongosaurus than in Erlikosaurus, and in Eshanosaurus 
the symphysial region is more strongly expanded mediolater- 
ally. The dentary is shallow for most of its length but deepens 
caudally to form a coronoid prominence, slight in Erlikosaurus 
and Eshanosaurus but stronger in Segnosaurus, Alxasaurus, and 
Beipiaosaurus. The most rostral portion of the dentary is tooth- 
less in Erlikosaurus, the tooth row being bordered laterally by 
a shelf starting at the fifth tooth position and extending to 
the end of the dentary. This shelf is also visible in Segnosaurus, 
where it starts at the fourteenth tooth position and continues 
backward for only half of the dentary. A shelf is also present in 
Neimongosaurus. The dentary of Segnosaurus is toothless rostrally, 
but the tooth row begins farther rostrally than in Erlikosaurus. 
The dentary of Alxasaurus, Beipiaosaurus, and Eshanosaurus has 
a similar shelf, but the teeth begin farther mesially than in ther- 
izinosaurids. In Alxasaurus and Beipiaosaurus the tooth row con- 
tinues rostrally to the end of the mandible, but in Eshanosaurus 
the rostral-end part of the dentary is missing. In Eshanosaurus 
around fenestra within the caudal part of the dentary may be 
an artifact. 

The postdentary bones are known only in Erlikosaurus and 
Segnosaurus. The large surangular overlaps the caudal aspect of 
the dentary. There is no coronoid bone, and the retroarticular 
process is short and dorsally concave. The prearticular arches 
rostrodorsally along the caudal edge of the splenial. The splenial 
is triangular in medial view with a tall caudal end and is not 
visible on the lateral surface of the mandible. The mandibular 
groove is broadly exposed rostral to the splenial. A foramen 
aerum is present in the middle of the dorsal surface of the artic- 
ular. The jaw articulation is set below the line of the tooth row. 
The articulation surface is oriented oblique to the long axis of 
the mandible, with its medial edge rostral to its lateral. The large, 
elongate external mandibular foramen is laterally bordered by 
the dentary, the surangular, and the angular. 

The teeth of therizinosauroids are unusually small, although 
larger than in some troodontids, alvarezsaurids, and ornitho- 
mimosaurs. The 24 maxillary teeth are more or less uniform in 
shape in Erlikosaurus but diminish slightly in size from mesial 
to distal. Maxillary teeth are straight and narrow, pointed, and 


FIGURE 7.3. Dentaries: A-C, left dentary of Eshanosaurus deguchiianus in A, medial, B, dorsal, and C, lat- 
eral views; D, E, right dentary of Alxasaurus elesitaiensis in D, medial, and E, lateral views. Scale = 1 cm 
(A-C), 2 cm (D, E). (A-C from Xu et al. 2001; D, E, from Russell and Dong 1993a.) 


slightly flattened transversely. With the exception of the five 
mesial, the teeth are closely spaced. The mesial and distal edges 
of each crown are serrated; the serrations are coarse and inclined 
toward the edges. The roots are cylindrical, and the crown is 
constricted at its base. Interdental plates are visible lingually 
between distal teeth. 

There are 31 dentary teeth in Erlikosaurus, most of which 
are similar in shape to those of the maxilla. The first 5 teeth are 
straight, markedly larger than the others, loosely spaced, and 
separated by interdental plates lingually. The distal teeth are 
closely packed and diminish in size toward the rear. They are 
also more mesiodistally expanded and transversely compressed. 
The crown is widest at the midpoint of its height. The labial sur- 
face of these distal teeth is convex. All teeth have cylindrical 
roots and are constricted at the base. The mesial and distal edges 
are coarsely serrated. 

The dentary of Segnosaurus bears 24 sharply pointed teeth. 
The mesial teeth are recurved only along their apical halves. The 
last few teeth are straight and markedly smaller. The transverse 
compression of the teeth is greater on the larger, more mesial 
teeth. The labial surfaces are convex, whereas the lingual aspects 


are concave. The serrations of the mandibular crowns in Segno- 
saurus are more distinct than those in Erlikosaurus, and the ser- 
rations are slightly larger on the mesial edge in most teeth. The 
teeth in Segnosaurus are placed obliquely, so that the serrated 
mesial and distal edges are slightly lingual and labial, respec- 
tively. The entire dentition, with the exception of the first two 
teeth, is closely spaced. Wear surfaces are not observed on the 
teeth in Erlikosaurus, whereas they are weakly developed on 
the distal edges of some dentary teeth in S. galbinensis. 

The dentary of Alxasaurus has approximately 40 tooth posi- 
tions (fig. 7.3), and that of Beipiaosaurus has at least 37. The teeth 
are generally similar in shape to those of Erlikosaurus except that 
the serrations are larger. A replacement tooth in Beipiaosaurus is 
preserved within an oval resorption pit entirely within the root. 
The dentary teeth of Neimongosaurus are nearly symmetrical. 

The dentary of Eshanosaurus (fig. 7.3) preserves positions for 
32 teeth, and although it is incomplete rostrally, it could not 
have had more than 37 teeth. Unlike in all other therizino- 
sauroids, the dentary teeth of Eshanosaurus have fine serrations 
similar to those of most other theropods except troodontids 
(Farlow et al. 1991). Unlike in ornithischian and sauropodomorph 
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dinosaurs, these serrations are perpendicular to the edge of the 
tooth rather than deflected distally. 


Postcranial Skeleton 


AXIAL SKELETON 


The vertebral column is known only from fragmentary or 
crushed material except in Nanshiungosaurus, Erliansaurus, and 
Neimongosaurus. The cervical vertebrae in Erlikosaurus, Segno- 
saurus, Nanshiungosaurus, Alxasaurus, Beipiaosaurus, Neimongo- 
saurus, Erliansaurus, and Nothronychus are large and elongate and 
bear low neural spines and pleurocoels. The cervical ribs are 
fused to the vertebrae in the first three taxa but not in Alxas- 
aurus, but as in several other coelurosaurs this may be an onto- 
genetic feature. The centra, where known, are amphiplatyan or 
shallowly amphicoelous except in Nanshiungosaurus brevispinus, 
in which the cranial cervicals are procoelous and the caudal cer- 
vicals are opisthocoelous. The centra of the dorsals, known only 
in Nanshiungosaurus, Alxasaurus, Beipiaosaurus, Neimongosaurus, 
Erliansaurus, and Nothronychus, have lateral depressions that may 
have been pneumatic, and the internal structure of Nanshiungo- 
saurus dorsals also indicates pneumaticity (Makovicky 1995). 
Alxasaurus and Nanshiungosaurus brevispinus have five sacral ver- 
tebrae, and Segnosaurus and Neimongosaurus have six (fig. 7.6). 
Neural spines are low in the dorsal and sacral vertebrae, and the 
sacral spines do not extend above the top of the ilium. Ossified 
interspinous ligaments are present between the sacral vertebrae 
in Segnosaurus and Nanshiungosaurus but not in Alxasaurus. The 
tail is short in the only taxon in which it is nearly complete, 
Neimongosaurus, which has 23 caudals. The proximal caudal cen- 
tra in Alxasaurus are significantly longer than the distal ones, 
changing after the fifth caudal, but in Neimongosaurus the change 
in size is more gradual. The neural spines and transverse pro- 
cesses are confined to the 13 proximal caudals in Alxasaurus. 


APPENDICULAR SKELETON 


Part of the pectoral girdle is preserved in Alxasaurus, Beipiao- 
saurus, Therizinosaurus, Neimongosaurus, Segnosaurus, Erlian- 
saurus, and Nothronychus. The scapula and coracoid are fused 
in all but Beipiaosaurus and Nothronychus (unknown in Erlian- 
saurus). The scapular blade is straight and narrow and expands 
only slightly distally, and it bears a well-developed, dorsally 
directed acromial process. The coracoid, where known, is sub- 
rectangular with a small coracoid foramen and a well-developed 
acromial process. The glenoid fossa in Segnosaurus, Neimongo- 
saurus, and Nothronychus is oriented laterally, while in Therizino- 
saurus it faces caudoventrally. The furcula, known only in Bei- 
piaosaurus and Neimongosaurus, is broadly U-shaped, robust, and 
lacking a hypocleideum. 

The humerus is specialized in Erlikosaurus, Therizinosaurus, 
Erliansaurus, Segnosaurus, and Neimongosaurus but less so in 
Alxasaurus and Beipiaosaurus (fig. 7.4). In the first two genera it 
is massive with strongly expanded proximal and distal ends; in 
Erliansaurus, Segnosaurus, and Neimongosaurus it is similar but 
less massive. The humeral head is situated at about the middle 
of the proximal end and overhangs the caudal surface. This over- 
hang is more pronounced in Erlikosaurus than in Segnosaurus. 
Medial to the humeral head an internal tubercle is well devel- 
oped. The deltopectoral crest is massive and extends more than 
a third of the humeral length. A sharply pointed tubercle is pres- 
ent on the caudomedial surface of the humerus at the mid- 
length of the bone. The radial and ulnar condyles, which are 
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FIGURE 7.4. Humerus and manus. A-C, Alxasaurus elesitaiensis: A, re- 
construction of right humerus in ventral view; B, left distal carpals in 
proximal view; C, left metacarpals in dorsal view. D-G, Therizinosaurus 
cheloniformis: D, right humerus in ventral view; E, right distal carpals in 
proximal view; F, right metacarpals in dorsal view; G, phalanges of right 
digit Il in medial view. H, Segnosaurus galbinensis, left humerus in ven- 
tral view. Scale = 5 cm (A, D-H), 2 cm (B, C). (A-C from Russell and 
Dong 1993a; D-G from Barsbold 1976c; H from Barsbold and Perle 1980.) 


small, rounded, and separated by a narrow flexor groove, lie on 
the cranial edge of the bone rather than the distal. Lateral and 
medial epicondyles are well developed; the medial epicondyle is 
larger (fig. 7.4). In Therizinosaurus the humerus has expanded 
proximal and distal ends, a well-developed caudomedial tuber- 
cle, and a longer deltopectoral crest (extending two-thirds the 
length of the bone). The humerus of Alxasaurus is poorly pre- 
served but more slender than in Segnosaurus, the deltopectoral 
crest is long but unexpanded, and a tubercle is absent on the 
caudomedial shaft. The humeri of Beipiaosaurus and Nothrony- 
chus are also slender with an unexpanded deltopectoral crest, 
and in Beipiaosaurus and Erliansaurus the flexor groove between 
the ulnar and radial condyles is shallower and wider. 

The antebrachium is known only in Beipiaosaurus, Alxasaurus, 
Therizinosaurus, Segnosaurus, Erliansaurus, and Neimongosaurus. 
The radius and ulna are stout in Segnosaurus and more slender in 
the other four taxa. The ulna bears a well-developed olecranon 
process. In Neimongosaurus the radius has a well-developed bi- 
ceps tubercle. 

The carpus and manus are preserved in Alxasaurus, Beipiao- 
saurus, Erliansaurus, and Therizinosaurus. Three small proximal 
carpals are preserved in Alxasaurus and two in Beipiaosaurus. All 
three taxa have an unusual distal row of carpals comprising two 
large elements capping metacarpals I and I. In Alxasaurus and 
Therizinosaurus (fig. 7.4) the medial distal carpal is the larger of 
the two, and proximally it bears a well-developed trochlear sur- 
face with two ridges. In Therizinosaurus these carpals are partially 
fused to metacarpals I and I. The more lateral element is smaller 
and bears a less pronounced trochlear surface. Surprisingly, in 


FIGURE 7.5. Beipiaosaurus inexpectus: A, left manus in lateral view; B, right carpus and metacarpals; 
C, right ankle and pes. Scale = 10 cm (A), 2 cm (B, C). (From Xu et al. 1999a. Reprinted by permission 
of Nature [399:350-354], copyright 1999, Macmillan Publishers Ltd.) 


Beipiaosaurus the position of the two bones on both sides of 
the partially disarticulated specimen is the reverse of that on the 
previous two taxa, and the larger element is preserved lateral to 
the smaller one (fig. 7.5). 

The manus comprises three digits. The first metacarpal is 
approximately half the length of the second and is similar in 
width, whereas the third metacarpal is more slender and inter- 
mediate in length between metacarpals I and I. Metacarpal I 
is closely appressed to metacarpal II, and its lateral surface ex- 
pands at the contact. The phalangeal formula is 2-3-4. The pits 
for the insertion of extensor ligaments on the distal ends of 
the phalanges are poorly developed in Therizinosaurus and 
Segnosaurus but present on Alxasaurus and Beipiaosaurus. Well- 
developed flexor tubercles are present on all phalanges of Seg- 
nosaurus, Erliansaurus, and Therizinosaurus, but they are weakly 
developed on the smaller Beipiaosaurus and Alxasaurus. As with 
the metacarpals, the phalanges of the third digit are much 
narrower than those of the first two. The ungual phalanges in 
most taxa are mediolaterally compressed and strongly curved 
with a slight lip over the proximal articular surface, although 
Nothronychus unguals lack a lip. In Therizinosaurus the unguals 
are weakly curved, greatly elongate (some more than 60 cm long), 
and massive. 

The pelvis is more or less completely preserved in Segnosaurus, 
Nanshiungosaurus brevispinus, and Enigmosaurus and partially pre- 
served in Alxasaurus, Beipiaosaurus, Neimongosaurus, Erliansaurus, 
and Nothronychus. In the taxa with well-preserved pelves it is 
opisthopubic, with widely separated ilia fused to the sacral di- 
apophyses (fig. 7.6). The long preacetabular process of the ilium 
has a tall, pointed cranioventral end that is flared at right angles 
to the sagittal plane (not preserved in Beipiaosaurus). The post- 
acetabular process is relatively long in Alxasaurus, Beipiaosaurus, 
and Neimongosaurus and short in Erliansaurus, Segnosaurus, Nan- 


shiungosaurus, and Enigmosaurus, and in the latter three taxa it 
bears a strong knoblike lateral protuberance. The pubic peduncle 
is long; the ischial peduncle is much shorter and in Erliansaurus 
bears an antitrochanter. The shaft of the pubis is long and di- 
rected caudoventrally, with a distal apron and foot. The ischium 
is shorter than the pubis and bears a prominent obturator 
process that approaches or contacts the pubis. The ischium 
and pubis are flattened in Alxasaurus and Segnosaurus, and the 
ischium is flattened in Nothronychus, whereas these bones are 
more cylindrical in Beipiaosaurus, Nanshiungosaurus brevispinus, 
and Enigmosaurus. 

The femur and crus are known in Segnosaurus, Alxasaurus, 
Beipiaosaurus, Erliansaurus, and Neimongosaurus, and only the 
crus is known in Nothronychus. The femur is weakly sigmoid ex- 
cept in Beipiaosaurus, and the femoral shaft is oval in cross sec- 
tion. The femoral head is turned in at an almost right angle and 
separated from the proximal shaft by a distinct neck. The greater 
trochanter is well developed, expanded craniocaudally, and sep- 
arated from the cranial trochanter by a deep cleft. The fourth 
trochanter, in the form ofa rugose crest, is placed above the mid- 
dle of the femoral shaft but is weak or absent in Neimongosaurus 
and Erliansaurus. The distal condyles are well separated; the lat- 
eral condyle is larger than the medial. The extensor and flexor 
grooves are shallow. 

The length of the tibia is more than 80% of the length of the 
femur in Segnosaurus and nearly equal in size in Beipiaosaurus. 
The tibia of Segnosaurus bears a well-developed cnemial crest, has 
an expanded distal end, and supports the distal end of the fibula 
(fig. 7.7). A fibular crest is present in Beipiaosaurus and Segnosaurus, 
and in Neimongosaurus it extends more than half the length of 
the tibia. Closely applied to the tibia for most of its length, the 
fibula is broad proximally but slender distally and contacts 
the calcaneum. In Beipiaosaurus, Segnosaurus, Erliansaurus, and 
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FIGURE 7.6. Pelves. A, B, Segnosaurus galbinensis: pelvis in A, dorsal, and B, left lateral views. C, Enigmo- 
saurus mongoliensis, left pelvis in lateral view. D, Nanshiungosaurus brevispinus, left pelvis in lateral view. 
Scale = 10 cm (A), 20 cm (B-D). (A, B, from Perle 1979; C from Barsbold 1983a; D from Dong 1979.) 


Nothronychus, at least, the medial surface of the fibula is flat, lack- 
ing a pocket. 

A tarsus comprising the calcaneum, the astragalus, and two 
distal tarsals (3 and 4) is preserved in Segnosaurus. The astragalus 
with reduced condyles covers only the medial part of the distal 
surface of the tibia and bears a tall, laterally curved and pointed 
ascending process. The astragalus of Beipiaosaurus and Neimon- 
gosaurus also does not cover the lateral part of the distal surface 
(fig. 7.5). The calcaneum of Segnosaurus is suboval, wider than 
high, and fits into a prominent socket on the astragalus. The 
distal tarsals are compressed, and the lateral element covers the 
proximal end of metatarsal IV, whereas the smaller medial ele- 
ment covers a portion of metatarsal III. 

The pes of Erlikosaurus, Neimongosaurus, and Segnosaurus is 
short and broad; that of Beipiaosaurus is longer, but it is shorter 
than in other theropods. The pes of Alxasaurus is only partially 
preserved. The completely preserved metatarsus of Segnosaurus 
is composed of five elements, digit V lacking phalanges. Meta- 
tarsals I-IV are massive with widened proximal and distal ex- 
tremities. Metatarsal I is the shortest and divergent from the 
rest; metatarsal II] is the longest and proximally contacts II and 
IV only briefly. Metatarsal V is short and broad, less than one- 
third the length of metatarsal IV. The length of the metatarsus 
is approximately 30% of the femoral length. 

In Erlikosaurus and Neimongosaurus the first metatarsal is not 
as expanded proximally as it is in Segnosaurus but has a proximal 
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contact surface for the tarsus, and its lateral surface is flattened 
where it meets metatarsal II. In Neimongosaurus the proximal 
end of metatarsal III interlocks with those of II and IV, unlike 
the expanded proximal end of metatarsal III in Segnosaurus. In 
Beipiaosaurus the proximal end of metatarsal I is mediolaterally 
compressed and apparently does not reach the tarsus (fig. 7.5), 
similar to most other theropods. The proximal ends of meta- 
tarsals III and IV are more compressed mediolaterally than in 
Neimongosaurus. 

The pedal phalangeal formula in Erlikosaurus is 2-3-4-5-0 
(fig. 7.7). In this taxon the first digit is shortest, whereas digits II 
and III are the longest and subequal in length. The fourth digit 
is slightly shorter and the most slender of all. The phalanges of 
digits I-IV are short and robust, and in Neimongosaurus the prox- 
imal phalanges have a heel proximally. The third phalanx of 
digit IV is especially short in Erlikosaurus but not in Neimongo- 
saurus. Pedal claws are large, recurved, and strongly compressed 
transversely in Erlikosaurus but less compressed in Segnosaurus, 
Alxasaurus, and Nothronychus. 


Integument 


Several patches of simple, featherlike integumentary structures 
are known for Beipiaosaurus inexpectus (Xu et al. 1999a), from the 
deposits of the Yixian Formation at Sihetun, which is famous for 
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PFIGURE 7.7. A, B, Segnosaurus galbinensis: A, right metatarsals in dorsal view; B, right tibia, fibula, astra- 
galus, and calcaneum in cranial view. C, Erlikosaurus andrewsi, right partial pes. Scale = 10 cm (A, B), 5 cm 
(C). (A, B, from Perle 1979; C from Barsbold and Perle 1980.) 


soft-tissue preservation. They are preserved associated with the 
forelimb and pectoral girdle (fig. 7.5). They mainly comprise 
closely packed, parallel, filaments up to 70 mm long. Those as- 
sociated with the ulna are preserved extending away from the 
lateral edge of the bone. Some of the fibers are lighter in the 
middle, suggesting a hollow core. The filaments are generally 
simple, but some branch distally. 


Eggs 


Eggs with embryos from the Upper Cretaceous Nanchao Forma- 
tion, Henan, China, have been identified tentatively as therizino- 
saurid (Currie 1996b; Manning et al. 1997, 2000). The embryos 
have not been described in detail, but an interesting pattern 
of tooth replacement has been described in which a slender, 
elongate tooth is replaced by a symmetrical, denticulate tooth 
(Manning et al. 2000). The embryos occur within spherical eggs 
(dendroolithid in the egg parataxonomy of Mikhailov et al. 
1994). Dendroolithid eggs are common in some Upper Creta- 
ceous deposits of Asia (Mikhailov et al. 1994) and have been 
found at Bayan Shiree (Ariunchimeg 1997; Watabe et al. 1997), 
the site of several therizinosaurid specimens. The outer surface 


of the skull illustrated by Manning et al. (1997) is generally 
similar to that of Erlikosaurus. Carpenter (1999:209) noted pre- 
maxillary teeth, which would be unique for a therizinosauroid, 
albeit expected in a primitive member, but Manning et al. 
(2000) describe the premaxilla as edentulous. A more definitive 
identification of this taxon awaits the detailed description of 
these specimens, which has been hampered by questions about 
the legality of their export from China. A second kind of egg— 
gigantic (as long as 50 cm), elongate eggs termed “elongato- 
olithid”—has been identified as belonging to therizinosauroids 
(Currie 1996b), and a reconstruction of a therizinosauroid 
embryo inside such an egg has been widely reprinted, but later 
reports have not confirmed this identification (Manning et al. 
1997; Carpenter 1999). 


Systematics and Evolution 


As presently known, definitive members of Therizinosauroidea 
include ten species distributed in nine genera. An eleventh 
species in a monospecific genus is tentatively referred to the 
group. However, one Mongolian taxon, Enigmosaurus, does not 
share any elements with Erlikosaurus from the same formation 
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that would allow differentiation, and the elements with diag- 
nostic features of Nothronychus are unknown in some other 
named taxa. Thus, at present only eight valid species that are 
definitive members of Therizinosauroidea are unquestionably 
valid, along with one species tentatively referred to the group. 
Furthermore, the monophyly of the one genus with two species 
is questionable; it is hoped that the high level of monospecific 
genera in the group will decrease when supraspecific groups 
become better understood and some genera are synonymized. 

Therizinosauroid discoveries, and the naming of taxa, can 
be divided roughly into three historical groups: (1) discoveries 
of enigmatic, fragmentary material by the first American and 
Soviet expeditions to the dinosaur deposits of Asia in the 1920s 
(Andrews 1932) and 1950s (Rozhdestvensky 1960b; Lavas 1993), 
respectively; (2) discoveries of more substantial specimens by 
Soviet-Mongolian expeditions in the 1970s (Lavas 1993; Kuroch- 
kin and Barsbold 2000), which signaled the presence of an en- 
demic group of peculiar dinosaurs; and (3) discoveries of primi- 
tive members of the group in China (Russell and Dong 1993a; 
Xu et al. 1999a, 2000) since the 1970s, which have helped clar- 
ify relationships. 

The first therizinosauroid to have a currently valid species 
name attached to it was Therizinosaurus cheloniformis, although 
the three unguals were considered by Maleev (1954) to be from 
a giant turtle. In the same paper Maleev erected a monospecific 
Therizinosauridae. Its theropod affinities were first suggested 
by Rozhdestventsky (1970b) and Osmolska and Roniewicz (1970), 
although the material was insufficient to indicate its relation- 
ships within the group. Barsbold (1976a, 1983) introduced 
Deinonychosauria, embracing the Deinocheiridae (Osmolska 
and Roniewicz 1970) and Therizinosauridae (with one genus, 
Therizinosaurus). 

The material that established the concept of an endemic group 
of specialized dinosaurs was discovered by Soviet-Mongolian 
expeditions in the 1970s mainly at two sites in the eastern 
Gobi, Khar H6tol and Bayanshiree. The first to be described was 
Segnosaurus galbinensis Perle, 1979, known from a dentary and 
most of its limb and girdle elements, for which Perle erected 
Segnosauridae and assigned it provisionally to Theropoda. Next, 
Erlikosaurus andrewsi was named and assigned to this taxon by 
Perle (in Barsbold and Perle 1980) on the basis of a skull, verte- 
brae, a humerus, and a foot discovered fortuitously beneath a 
larger dinosaur quarried from Bayanshiree. It was then de- 
scribed in detail by Perle (1981). In 1980 Barsbold and Perle 
erected Segnosauria, which contained Perle’s Segnosauridae. 
In 1983 Barsbold and Perle (in Barsbold 1983a) also erected an- 
other taxon, Enigmosauridae, for a new monospecific genus, 
Enigmosaurus, based on a pelvis (described and illustrated in 
1980 as segnosaurian indet.). At about the same time, Dong 
(1979) described two species from China, a supposed sauro- 
pod, Nanshiungosaurus brevispinus, and a supposed carnosaut, 
Chilantaisaurus zheziangensis, but their affinities with therizino- 
sauroids were not recognized until later (Barsbold and Maryan- 
ska 1990). C. zheziangensis is here regarded as an indeterminate 
therizinosauroid. 

The Sino-Canadian expeditions of the 1980s (Dong 1993; 
Grady 1993) collected two skeletons of a new therizinosauroid 
in the Alxa Desert of China, Alxasaurus elesitaiensis Russell and 
Dong (1993a). Russell and Dong also erected the monospecific 
Alxasauridae, and they revised the taxonomy based on their 
identification of Therizinosaurus as a relative of segnosaurs. A 
Sino-Japanese expedition in 1992 recovered remains of a new 
species, Nanshiungosaurus bohlini (Dong and Yu 1997). Remains 
of a therizinosauroid with integumentary structures quarried 
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FIGURE 7.8. A, strict, and B, Adams consensus of 3,815 equally parsi- 
monious cladograms of relationships among Therizinosauroidea result- 
ing from a cladistic analysis of the data, excluding Nothronychus. Tree 
length = 63, Cl=0.746, RI=0.754, RCI = 0.562. When Enigmosaurus 

is deleted from the analysis, the strict consensus resolves Alxasaurus 
outside the therizinosaurid group, as in the Adams consensus of the 
complete analysis. 


from the “feathered dinosaur” quarries in Liaoning were briefly 
described by Xu et al. (1999a) and named Beipiaosaurus inexpec- 
tus, placed within Therizinosauroidea following Russell and 
Dong (1993a). Xu et al. (2001) named and described a dentary 
from the Lower Jurassic Lower Lufeng Series of Yunnan, Eshano- 
saurus deguchiianus (described briefly by Xu et al. 1999a), and 
tentatively assigned it to Therizinosauroidea. 

Most recently, three new monospecific genera have been 
briefly described. Nothronychus mckinleyi was described by Kirk- 
land and Wolfe (2001) from the Moreno Hill Formation of New 
Mexico, the first definitive record of the group from outside 
of Asia. This material was initially thought to belong to the 
ceratopsian Zuniceratops christoferi (Wolfe and Kirkland 1998). 
Also in 2001, Neimongosaurus yangi was described by Zhang et al. 
from the Iren Dabasu Formation of Inner Mongolia, the strata 
from which the first therizinosauroid remains were collected. 
The two specimens preserve much of the axial skeleton and 
most long bones. From the same formation, Xu et al. (2003) de- 
scribed Erliansaurus bellamanus based upon a partial postcranial 
skeleton, including most of a forelimb and hindlimb. 

The taxonomic nomenclature of therizinosauroids depends 
largely on the relationships of Therizinosaurus cheloniformis, 
which unfortunately remain tentative. The unusual manual 
unguals first described by Maleev as from a turtle are easily dis- 
tinguished by their great length and slight curvature, but they 
offer little information about the affinities of the species. Bars- 
bold (1976c) described a shoulder girdle and forearm (fig. 7.4) 
from Hermiin Tsav that he assigned to Therizinosaurus on the 
basis of its similar claws and its occurrence in the same strata as 
the original material, the Nemegt Svita (later termed the Ne- 
megt Formation in the western literature). He noted its thero- 
pod features, such as a manus with three digits and a short first 


metacarpal, and pointed out similarities and differences be- 
tween it and the equally enigmatic Deinocheirus, from the same 
formation. In 1982 Perle described a fragmentary hindlimb 
(including parts of a femur, a tibia, an astragalus, a calcaneum, 
metatarsals, and pedal digits) from near the site of the material 
described by Barsbold (1976c) and referred it to Therizinosaurus 
mainly on the basis of its locality (since no hindlimb elements 
of Therizinosaurus are known). Because of its similarities with 
segnosaurs, especially in having a wide, short foot with four 
functional toes, Perle included Therizinosaurus in Segnosauria 
(along with Deinocheirus). However, Barsbold and Maryanska 
(1990) considered the material described by Perle to belong to a 
segnosaur but not Therizinosaurus and excluded Therizinosaurus 
(and Deinocheirus) from the group. Norman (1990a) considered 
Therizinosaurus to be Theropoda incertae sedis but did not com- 
ment on the material described by Perle (1982). Russell and 
Dong (1993a) pointed out similarities the specimen described 
by Barsbold (1976c) shares with segnosaurs, especially the large 
distal carpals and the shallow pits for extensor ligaments on 
the phalanges, and argued that Therizinosaurus is a member 
of the same clade. 

The postulated relationship of Therizinosaurus to segno- 
saurs therefore rests primarily on the features of the material de- 
scribed by Barsbold (1976c) that are shared with this group. The 
scapula and coracoid of Therizinosaurus are generally similar to 
those of more basal theropods and unlike those of segnosaurs 
in having the glenoid oriented caudoventrally rather than lat- 
erally. The humerus of Therizinosaurus shares with those of Erliko- 
saurus, Alxasaurus, and Segnosaurus an unusually long delto- 
pectoral crest, although this is not unique to this group and it 
is more elongate in Therizinosaurus. A distinctive tubercle pre- 
served on the caudomedial side of the humeral shaft in Er- 
likosaurus, Segnosaurus, and Therizinosaurus (Maryanska 1997) is 
absent in Alxasaurus, Nothronychus, and other coelurosaurs. In 
Therizinosaurus, Erlikosaurus, and Segnosaurus the radial and 
ulnar condyles on the distal end of the humerus are positioned 
on the cranial, rather than the distal, surface, a feature otherwise 
found only in birds and the enigmatic alvarezsaurids among 
theropods. The most compelling evidence is the structure of the 
carpus and manus, which are nearly identical in Therizinosaurus 
and Alxasaurus and probably in Beipiaosaurus (unless the distal 
carpals are truly reversed in the latter). The large, semilunate 
medial distal carpal is unique in having only a small contact 
with metacarpal II while bearing a double-ridged trochlear sur- 
face proximally. The three-fingered manus has similar propor- 
tions among all three genera, and as in segnosaurs, the first 
metacarpal broadly abuts the second and is expanded at their 
contact. The ligament pits on the distal ends of the phalanges 
are poorly developed or absent in both Therizinosaurus and Seg- 
nosaurus. The manual unguals of Therizinosaurus are less curved 
than those of segnosaurs and thus more similar to those of or- 
nithomimids and alvarezsaurids, but there is otherwise little 
similarity among the unguals of these groups. 

There is therefore a small but significant amount of evidence 
supporting a relationship between Therizinosaurus and segno- 
saurs, and the features in which they differ (e.g., the length of 
the deltopectoral crest and the shape of unguals) are generally 
specializations of one group rather than similarities shared with 
other groups. The glenoid fossa of Therizinosaurus is similar to 
that of primitive theropods in facing caudoventrally, unlike 
that of Segnosaurus, Neimongosaurus, and Nothronychus, which 
face laterally as in birds (avialans) and dromaeosaurids, but the 
derived condition may have evolved separately in therizino- 
sauroids as Alxasaurus also has the primitive theropod condi- 


tion. It is unfortunate that the taxonomy of the group is affected 
so greatly by the validity of a relationship so tenuous, but unless 
evidence for a different relationship for Therizinosaurus emerges, 
the taxonomy should reflect that current evidence favoring a 
relationship between this genus and segnosautrs. 

The definition and diagnosis of Therizinosauroidea given 
at the beginning of this chapter considers Eshanosaurus to be a 
member of this clade. If only those features that can be deter- 
mined in Beipiaosaurus are considered, then the diagnosis is re- 
stricted to a sharp, ventrally projecting rim on the premaxilla, 
elongate vomers that contact rostrally reduced pterygoids, an 
enlarged pneumatic basicranium, a horizontal rim lateral to the 
dentary dentition, a gentle rise at the caudal end of the dentary, 
large serrations on the dentary teeth, straight and only slightly 
flattened mesial dentary teeth, procoelous cranial cervical ver- 
tebrae, and opisthocoelous caudal cervical vertebrae. If Eshano- 
saurus is indeed a primitive member of the group, then only 
elongate vomers that contact rostrally reduced pterygoids, an 
enlarged pneumatic basicranium, a horizontal rim lateral to 
the dentary dentition, procoelous cranial cervical vertebrae, and 
opisthocoelous caudal cervical vertebrae can be determined as 
diagnostic of the group. Russell and Dong (1993a) first erected 
Therizinosauroidea to include Therizinosauridae and Alxasauri- 
dae. In describing Beipiaosaurus, Xu et al. (1999a) included it 
within Therizinosauroidea, leaving the group comprising Alxa- 
saurus and Therizinosauridae unnamed. Sereno (1999a) pro- 
posed a revised, phylogenetic definition of Therizinosauridae 
that would include Alxasaurus and Beipiaosaurus but based it on 
Erlikosaurus rather than Therizinosaurus. He defined the group as 
“all maniraptoriforms closer to Erlikosaurus than to Ornithomimus, 
Oviraptor, or Neornithes” (Sereno 1999a:2147), which is invalid 
under the ICZN (and Phylocode, www.ohiou.edu/phylocode) 
because the family is not based on the genus for which it was 
named. 

Characters varying among therizinosauroids are modified 
from Xu et al. (1999a), and the results of a cladistic analysis of 
these data are presented in figure 7.8. Forty characters among ten 
ingroup taxa were analyzed, but Nothronychus was excluded be- 
cause its relationships were highly unresolved. Five outgroup taxa 
were also included, chosen on the basis of several recent analy- 
ses (Makovicky and Sues 1998; Sereno 1999a; Xu et al. 1999a), but 
no attempt was made to determine relationships among them 
or to determine the sister taxon of Therizinosauroidea. Erlian- 
saurus appeared too late for inclusion in this analysis, and 
Nothronychus was excluded due to its incompleteness. 

Eshanosaurus deguchiianus is placed within Therizinosauroi- 
dea only tentatively at present because it shares the following 
features with therizinosauroids: a lateral shelf on the dentary, 
dentary teeth becoming larger rostrally, and teeth mediolater- 
ally compressed and symmetrical with cylindrical roots. It is 
distinguished by the smaller size of the serrations on its teeth 
and its broader symphysial region. The small serrations on the 
teeth may be a primitive condition for the group, depending on 
its relationships. Although the species bears some general simi- 
larities to the dentary of prosauropods, there are few detailed 
similarities (see Xu et al. 2001), and its teeth do not have a verti- 
cal ridge similar to that on prosauropod teeth (contra Lamanna, 
in Kirkland and Wolfe 2001:412). A large, circular fenestra in the 
caudal part of the dentary is a unique feature but may be an ar- 
tifact. E. deguchiianus’s relationships with other therizino- 
sauroids are unclear, but the analysis presented here indicates 
that, surprisingly, it might group with therizinosaurids on the ba- 
sis of the number of dentary teeth. However, Dromaeosauridae 
is the only outgroup taxon included in this analysis that has a 
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small number of teeth, and if other outgroup taxa with few teeth 
are invoked (e.g., Ornitholestes, Tyrannosauridae), then a more 
basal position for Eshanosaurus may be equally parsimonious. 

Beipiaosaurus inexpectus as presently known combines a 
unique suite of features—a longer dentary than other therizino- 
sauroids, the preacetabular and postacetabular parts of the pelvis 
similar in size, the preacetabular part of the pelvis unexpanded, 
the ischial shaft cylindrical, the first metatarsal mediolaterally 
compressed proximally, the proximal part of metatarsals Il and III 
compressed—but those in which it differs from Alxasaurus and 
Therizinosauridae are primitive for Therizinosauroidea rather 
than being unequivocal autapomorphies. Its more bulbous teeth 
may also diagnose the species, but this depends on which group 
of coelurosaurians is the closest relative of Therizinosauroidea. 

Nothronychus mckinleyi is known from fragmentary material, 
but it preserves the autapomorphic features of denticles on cheek 
teeth reaching to the base of the crown and manual unguals 
without a dorsal lip proximally. It has a slender humerus, as in 
Alxasaurus but not Therizinosauridae. Its relationships within 
Therizinosauroidea are unclear due to the lack of material. 

The group comprising Alxasaurus, Enigmosaurus, and Ther- 
izinosauridae currently lacks a name but is diagnosed by several 
features, including the preacetabular portion of the ilium ven- 
trally expanded and longer than the postacetabular portion and 
the ischial shaft mediolaterally compressed (except in Enigmo- 
saurus). The dentaries of Alxasaurus and Segnosaurus may be 
shorter relative to body size than in Beipiaosaurus. The condition 
of the proximal end of the first metatarsal is unknown in Alxa- 
saurus, so it is unclear whether it is expanded to converge on the 
primitive dinosaurian condition as in therizinosaurids. 

Alxasaurus elesitaiensis as presently known has a unique com- 
bination of characters, including those that diagnose the un- 
named group but are primitive for Therizinosauridae, but it lacks 
unequivocal autapomorphies. 

The analysis presented here was unable to resolve relation- 
ships among all other therizinosauroids, in part due to the am- 
biguous relationships of Enigmosaurus. Adams consensus (fig. 7.8) 
shows that a clade excluding Alxasaurus and Enigmosaurus is 
stable, and when Enigmosaurus is excluded this clade is found 
in the strict consensus. The instability of Enigmosaurus is due 
not only to missing data but also to its unflattened pubic shaft 
(a flattened shaft is present in Alxasaurus and Segnosaurus). 
This is contradicted by the short postacetabular portion of the 
ilium, unlike in Alxasaurus but as in Segnosaurus and possibly 
N. brevispinus. 

Enigmosaurus mongoliensis is characterized by a small, shallow 
obturator process on the ischium and a caudal process on the 
pubic foot. This condition differs from that in Segnosaurus, in 
which the distal foot has an ellipsoidal shape and the obturator 
process is deep and subquadrate. The synonymy of E. mongo- 
liensis with Erlikosaurus andrewsi, from the same stratigraphic 
beds but at a different locality, cannot be ruled out until ele- 
ments shared by both taxa are discovered. 

In the cladistic analysis presented here, Therizinosauridae— 
comprising Segnosaurus, Erlikosaurus, Therizinosaurus, N. brevis- 
pinus, and Neimongosaurus—is stable in the Adams consensus 
of the complete data matrix and in the strict consensus when 
Enigmosaurus is excluded. Thus, the absence of this group from 
the strict consensus must be due to the uncertain relationships 
of Enigmosaurus. This group is difficult to diagnose due to the 
incompleteness of most of the taxa, so that derived characters 
shared by several taxa cannot be determined in the others. The 
name Therizinosauridae is here applied to the group defined 
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as the least inclusive clade including Therizinosaurus and Erliko- 
saurus, although the unstable relationships of Enigmosaurus ren- 
der it ambiguous for this data set. 

Evidence for some groupings of these taxa exists, such as 
groups comprising at least Therizinosaurus and Segnosaurus, 
diagnosed by the reduced or absent ligament pits on the distal 
ends of the manual phalanges; at least Segnosaurus and Erliko- 
saurus, diagnosed by the smaller number of dentary teeth (no 
more than 31) and an edentulous symphysial region, also found 
in Neimongosaurus; Segnosaurus, Erlikosaurus, and Therizinosaurus, 
diagnosed by the large tubercle on the caudomedial part of the 
humeral shaft; at least Segnosaurus and Nanshiungosaurus bre- 
vispinus, diagnosed by the much shorter postacetabular por- 
tion of the ilium with a knoblike process (also found in Enigmo- 
saurus); and at least Segnosaurus and Nanshiungosaurus brevispinus, 
diagnosed by ossified interspinous ligaments above the sacrum. 
A group comprising Segnosaurus and Neimongosaurus is resolved 
on the Adams consensus, but there are no characters shared 
uniquely by these two taxa. 

Therizinosaurus cheloniformis is characterized by a long delto- 
pectoral crest on the humerus (more than half the length of the 
bone), distal carpals partially fused to metacarpals I and II, and 
elongate, only slightly curved unguals of the manus. 

Segnosaurus galbinensis is characterized by, among other fea- 
tures, mesial mandibular teeth that are markedly flattened and 
slightly recurved, only 24 dentary teeth, and six sacral vertebrae. 

In Erlikosaurus andrewsi the 31 small mandibular teeth are 
straight and only slightly flattened, the coronoid process is low, 
and the pedal claws are strongly compressed transversely. 

Nanshiungosaurus brevispinus was originally described by Dong 
(1979) as a sauropod in part due to its large size. N. brevispinus 
has an opisthopubic pelvis that is similar to that of Segnosaurus 
except that the cranial portion of the preacetabular process of 
the ilium is shallower in Nanshiungosaurus than in Segnosaurus 
and the pubis and ischium have a more extensive contact be- 
neath the acetabulum. The structure of cervical vertebrae in 
Nanshiungosaurus also is generally similar to the incomplete 
material of Segnosaurus and Erlikosaurus. Unfortunately, other 
parts of the skeleton of the Mongolian therizinosaurids are not 
duplicated in Nanshiungosaurus, and the shape of the preace- 
tabular process of the ilium, the more extensive contact be- 
tween the pubis and the ischium, and the primitive condition 
of five sacral vertebrae are the only features differentiating them 
at present. 

Nanshiungosaurus bohlini was described recently (Dong and 
Yu 1997) as a new species within this genus based on large cer- 
vical and thoracic vertebrae (i.e., with a centrum up to 18.4 in 
length). However, its relationships are unclear since the axial 
skeleton is not well known in most therizinosauroids. The two 
species of this genus are similar in being larger than other ther- 
izinosauroids and in most aspects of their vertebral anatomy, 
but they differ significantly in that all of the vertebrae of N. boh- 
lini are amphiplatyan with low, axially elongate spines, whereas 
in N. brevispinus the cranial cervicals are procoelous, the caudal 
cervicals are opisthocoelous, and their spines are transversely 
broad. 

Neimongosaurus yangi is characterized by a circular fossa un- 
der the transverse process of the proximal caudal vertebrae, a 
prominent biceps tuberosity on the radius, well-developed 
heels on the proximal pedal phalanges, a fibular crest more than 
half the length of the tibia, and caudal vertebrae with widely 
divergent prezygapophyses (Zhang et al. 2001). It shares with 
therizinosaurids such as Segnosaurus the twisting of the pre- 


acetabular portion of the ilium to face dorsally and a laterally 
facing glenoid fossa on the scapulacoracoid. 

Erliansaurus bellamanus is characterized by an enlarged nu- 
trient foramen on the anterior caudal vertebrae, a crestlike pos- 
terior trochanter on the humerus bordered medially by an oval 
depression, a rugose swelling dorsal to the ischial peduncle on 
the lateral surface of the ilium, the posterior margin of the prox- 
imal end of the fibula significantly higher than the anterior 
margin, and a hypertrophied anterior trochanter located dis- 
tally on the fibula (Xu et al. 2003). Xu et al. (2003) also inferred 
that it and Neimongosaurus are closer to Therizinosauridae than 
is Alxasaurus but that it falls outside the family. 


Stratigraphy, Paleoecology, and Biogeography 


The oldest taxon tentatively identified as a therizinosauroid 
is Eshanosaurus, from the lower part of the Lower Jurassic 
Lower Lufeng Series of China (Xu et al. 2001). The age of 
the Lower Lufeng Series is poorly constrained, and age estimates 
are based solely on the vertebrate fauna. Two vertebrate assem- 
blages are recognized within the Lower Lufeng Series, and the 
stratigraphically lower of the two has been tentatively correlated 
with the Hettangian stage (Luo and Wu 1994). 

The oldest definitive therizinosauroids are from the Early 
Cretaceous of China. Beipiaosaurus is from the shales from which 
“feathered dinosaurs” have been collected in the lower part of 
the Yixian Formation, in Liaoning. The age of these beds has 
been disputed as either Late Jurassic or Early Cretaceous, but the 
most recent Ar/Ar radiometric dates from volcanics interbedded 
with the fossil-bearing horizon indicate an age correlative with 
the Albian marine invertebrate stage (Swisher et al. 1999). The 
age of the Bayin-Gobi Formation in the Alxa Desert, from which 
Alxasaurus derives, is poorly constrained, but it is tentatively 
dated as Albian by Russell and Dong (1993a) based mainly on 
the vertebrate fauna. The deposits in Gansu from which Nan- 
shiungosaurus bohlini was collected also appear to be correlative 
with the Albian (You, pers. comm.). 

The stratigraphic nomenclature of the Mongolian localities 
from which most of the Late Cretaceous therizinosauroids de- 
rive is based on the Russian svita concept rather than formations. 
Formational names are now used (Jerzykiewicz and Russell 1991), 
albeit usually informally. Here we follow the terminology of 
Benton (2000). 

The age of the Bayanshiree Svita, from which Segnosaurus, 
Erlikosaurus, and Enigmosaurus were collected, is poorly con- 
strained biostratigraphically (Martinsson 1975; Jerzykiewicz and 
Russell 1991). Age estimates based on the vertebrate and mol- 
luscan fauna are from Cenomanian to early Campanian, but 
paleomagnetic evidence (Hicks et al. 1999) suggests that it is no 
younger than Santonian, and radiometric dates place some de- 
posits as no younger than Cenomanian (Shuvalov 2000). The 
dinosaur-bearing Iren Dabasu Formation of Inner Mongolia, 
from which the first therizinosaurids (Mader and Bradley 1989) 
and Neimongosaurus (Zhang et al. 2001) and Erliansaurus were 
collected, is similar in age to the Bayanshiree Svita on the basis 
of the vertebrate fauna. The age of the Nemegt Svita, or Nemegt 
Formation, from which Therizinosaurus is known, is also poorly 
constrained but is probably late Campanian or early Maastrich- 
tian (Jerzykiewicz and Russell 1991). 

The depositional regimes of the sediments in which ther- 
izinosauroids have been found range from fluvial sandstones 
and conglomerates to lacustrine shales, but they are not known 


from sediments indicative of more arid paleoenvironments. 
Eshanosaurus was collected from a marl (Zhao and Xu 1998; Xu, 
pers. comm.), an unusual lithology for vertebrate fossils in the 
Lower Lufeng Series. Alxasaurus and Beipiaosaurus both are from 
thin-bedded lacustrine sediments (Russell and Dong 1993a; Xu, 
et al. 1999a), the latter along with a diverse fauna of aquatic 
invertebrates and vertebrates and rare terrestrial vertebrates 
such as psittacosaurids. The remains of Segnosaurus and 
Erlikosaurus were found in poorly cemented, gray sands with 
intraformational conglomerates, gravels, and gray claystones, 
interpreted by Tsybin and Kurzanov (1979) as deposits in small 
lakes but by Hicks et al. (1999) as a meandering fluvial system. 
In the same sediments, skeletons of the theropods Alectrosaurus 
olseni and Garudimimus brevipes, the ankylosaur Talarurus 
plicatospineus, and abundant hadrosaurs and turtles were dis- 
covered. The bones of Enigmosaurus mongoliensis are from red 
beds, which also yielded bones of sauropods, theropods, and 
stems of Taxodiaceae in situ (Martinsson 1975). Nanshiungo- 
saurus brevispinus comes from red clays and sandstones in which 
dinosaur bones, footprints, and eggs are abundant (Dong 1987). 
Therizinosaur remains are also known from sandstones and 
sandy clays of the Iren Dabasu Formation in northern China 
(Mader and Bradley 1989; Zhang et al. 2001), which in addition 
to an abundant dinosaur fauna also preserve sharks, rays, and 
plesiosaurs indicative of an estuarine environment (Currie and 
Eberth 1993). The Nemegt Svita deposits from which Ther- 
izinosaurus specimens have been collected are interpreted as rep- 
resenting a broad, meandering alluvial system (Gradzinski 
1970). 

Therizinosauroids currently are not known from the Baruun- 
goyot and Djadokhta formations of Mongolia and China, 
although they are present in formations above and below these. 
The Djadokhta and Baruungoyot formations include eolian sand- 
stones indicative of drier habitats than, for example, the over- 
lying Nemegt Formation (Gradzinski and Jerzykiewicz 1974; 
Jerzykiewicz et al. 1993), and the absence of therizinosauroids 
from the eolian beds suggests that they did not frequent the 
more arid environments present in the Late Cretaceous of the 
Gobi region. 

The unusual anatomy of therizinosauroids prompted spec- 
ulation that their behavior may likewise have been unusual. 
Rozhdestvensky (1970b) speculated that the large unguals of 
Therizinosaurus were used for opening termite mounds or gath- 
ering fruit from trees. Barsbold and Perle (1980) suggested that 
therizinosauroids were amphibious carnivores, preying on fish. 
In contrast, Paul (1984a) suggested that these dinosaurs had a 
herbivorous diet, consistent with his hypothesis of their phylo- 
genetic relationships with ornithischians. Russell and Russell 
(1993; see also Russell 1997) noted the similarity of therizino- 
sauroids’ body proportions and pelvis to those of chalicotheres, 
unusual clawed ungulates, and giant ground sloths. They sug- 
gested that therizinosauroids may have had a lifestyle similar to 
that reconstructed for the herbivorous chalicotheres and giant 
ground sloths, in which the animal presumably sat on the 
ground and used the forelimbs for gathering food. Nessov (1995) 
suggested arboreality and a diet of wasp nests and presented a 
reconstruction of a segnosaur hanging from a tree limb in the 
manner of a sloth. 

Although therizinosauroids’ dentition and peculiar post- 
cranial anatomy suggest a feeding strategy different from that 
of most nonavian theropod dinosaurs, at present there is no 
strong evidence, such as stomach contents or trace fossils, for 
their diet or for other aspects of their behavior. The definitive 
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identification of dendroolithid eggs as therizinosauroid would 
reveal something of their nesting biology, but that conclusion 
must await the full description and identification of the embry- 
onic material. 

The geographic distribution of therizinosauroids extends 
through much of eastern Asia, from Liaoning in northeastern 
China westward through the Gobi Desert to Gansu and the 
Ordos Basin and southward to Zhejiang and perhaps Yunnan, 
China. Fragmentary therizinosauroid remains are also reported 
farther west, in Uzbekistan and Kazakhstan (Nessov 1995). Out- 
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side of Asia the only definitive occurrence at present is from New 
Mexico (Kirkland and Wolfe 2001). This distribution tentatively 
suggests an Asian origin for the group with dispersal to North 
America, but the relationships of the single North American 
form, Nothronychus, are poorly understood due to the incom- 
pleteness of the material. Kirkland and Wolfe (2001) suggested 
that Nothronychus is more closely related to therizinosaurids than 
is Alxasaurus on the basis of the lateral orientation of its glenoid 
fossa, but when it is included in the analysis here its relation- 
ships are completely unresolved. 


EIGHT 


Oviraptorosauria 


HALSZKA OSMOLSKA 
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Oviraptorosauria comprises a group of Cretaceous manirap- 
toran theropods (table 8.1) unquestionable remains of which 
are so far known only from the Northern Hemisphere (Barsbold 
et al. 1990). They were cursorial, had slender hindlimbs and 
grasping hands, and rarely exceeded 2 m in length. Although 
the known postcranial skeletons of oviraptorosaurs deviate only 
slightly from the structure of other theropods, their skulls and 
mandibles are unlike those of any other dinosaurs known. Ovi- 
raptorosaurs had massive toothless jaws, and tall, median bony 
crests, or casques, sometimes surmounted their shortened, 
deep, and highly pneumatized skulls. Their tails included fewer 
vertebrae than in other theropods, and the tails of two recently 
found oviraptorosaurs—Caudipteryx (Ji et al. 1998) and Nomin- 
gia (Barsbold et al. 2000a, 2000b; Maryanska et al. 2002)—are 
much shorter than the tails of other oviraptorosaurs. More- 
over, in Caudipteryx the tail ends in a stiffened portion, and in 
Nomingia it ends in a pygostyle. At least one oviraptorosaur, 
Caudipteryx, was feathered (Ji et al. 1998; Zhou and Wang 2000; 
Zhou et al. 2000). This latter taxon, for which Caudipterygidae 
(emend.) was established by Zhou and Wang (2000), and 
Avimimus, assigned to Avimimidae by Kurzanov (1981), are 
here considered basal oviraptorosaurs (Maryanska et al. 2002). 
Earlier Sereno (1999a) also postulated a basal position within 
oviraptorosaurs for Caudipteryx. Finally, Xu et al. (2002c) re- 
cently described another basal oviraptorosaur, Incisivosaurus 
gauthieri. This dinosaur has a highly specialized heterodont 
dentition. 

The Late Cretaceous oviraptorosaurs (excluding Avimimus) 
are represented by two clades, Oviraptoridae (Campanian- 
Maastrichtian) and Caenagnathidae (Turonian—Maastrichtian). 
There is also the imperfectly known genus Microvenator, which 
may belong to Oviraptorosauria (Makovicky and Sues 1998; 
Maryanska et al. 2002). Unquestionable oviraptorids have 
only been found in Asia (the Gobi Desert, Mongolia, and China), 
and caenagnathids in North America and Asia (Uzbekistan, 
Kazakhstan). Oviraptoridae is the better known of the two 
clades. It is represented by numerous well-preserved, complete 
skeletons that have been assigned to six mostly monospecific 
genera (Osborn 1924a; Barsbold 1976a, 1977a, 1977b, 1981, 
1983a, 1986, 1997; Osmolska 1976; Barsbold et al. 1990; Norell 
et al. 1994, 1995, 2001a; Nessov 1995; Dong and Currie 1996; 
Maryanska and OsmOlska 1997; Makovicky and Sues 1998; Clark 


et al. 1999; Clark et al. 2001), an embryo, eggs, and nests with 
eggs. The individuals preserved over nests in an avianlike brood- 
ing position also belong to oviraptorids (Dong and Currie 1996; 
Clark et al. 1999). Furthermore, a new, virtually complete ovi- 
raptorid from Zamyn Khondt, Mongolia, provides important 
information about the clade. Originally assigned to Oviraptor 
philoceratops, it certainly is not referable to that species (Clark 
et al. 2001; Maryanska et al. 2002; Xu et al. 2002a) but may rep- 
resent another species of Citipati (Clark et al. 2002b) or a new 
taxon. Here it will be referred to as the unnamed Zamyn Khondt 
oviraptorine. In contrast to Oviraptoridae, Caenagnathidae is 
known from one fragmentary skull, one complete mandible 
and a few fragmentary ones, and some isolated postcranial 
bones. These are assigned to three genera (Gilmore 1924a; C. M. 
Sternberg 1932b; R. M. Sternberg 1940; Cracraft 1971; Currie 
et al. 1993; Nessov 1995, 1997; Sues 1997). Some fragmentary 
remains described as possible oviraptorids (but see Makovicky 
and Sues 1998) have been reported from the Southern Hemi- 
sphere (Frey and Martill 1995; Currie et al. 1996; Frankfurt and 
Chiappe 1999). 


Definition and Diagnosis 


Oviraptorosauria is a stem-based taxon defined as all manirap- 
torans closer to Oviraptor philoceratops than to Passer domesticus 
(Sereno 1998; Maryanska et al. 2002 emend.). It can be diag- 
nosed by six unequivocal synapomorphies: the crenulated 
ventral margin of the premaxilla; the parietal at least as long 
as the frontal; the ascending process of the quadratojugal bor- 
dering more than three-quarters of the infratemporal fenestra; 
a U-shaped mandibular symphysis; an edentulous dentary; the 
cranial process on the pubic foot longer than the caudal process. 


Anatomy 


Skull and Mandible 
Complete skulls are known for basal oviraptorosaurs—Incisivo- 


saurus (Xu et al. 2002c) and Caudipteryx (Ji et al. 1998; Zhou and 
Wang 2000; Zhou et al. 2000)—and for nearly all of the recognized 
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TABLE 8.1 


Oviraptorosauria 
Occurrence Age Material 
Theropoda Marsh, 1881a 
Maniraptoriformes Holtz, 1996a 
Oviraptorosauria Barsbold, 1976b 
Incisivosaurus Xu, Cheng, Wang, et 
Chang, 2002c 
I. gauthieri Xu, Cheng, Wang, et Yixian Formation Barremian 1 skull, partial cervical 
Chang, 2002c (Liaoning), People’s 
Republic of China 
Avimimidae Kurzanov, 1981 
Avimimus Kurzanov, 1981 
A. portentosus Kurzanov, 1981 Djadokhta Svita Campanian 2 partial skulls, 2 nearly 
(Omnégov’), “Djadokhta” complete postcrania, 
Svita (Ovérkhangai), numerous postcranial 
Mongolia; Iren Dabasu elements 
Formation (Nei Mongol 
Zizhiqu), People’s Republic 
of China 
Caudipterygidae Zhou et Wang, 2000 
Caudipteryx Ji, Currie, Norell, et Ji, 1998 
C. zoui Ji, Currie, Norell, et Ji, 1998 Yixian Formation Barremian 3 nearly complete skeletons 
(Liaoning), People’s with skull; partial 
Republic of China postcranium with feather 
imprints 
C. dongi Zhou et Wang, 2000 Yixian Formation Barremian 1 partial postcranium with 
(Liaoning), People’s feather imprints 
Republic of China 
Caenagnathoidea R. M. Sternberg, 1940 
Caenagnathidae R. M. Sternberg, 1940 
Chirostenotes Gilmore, 1924a (including 

Caenagnathus R. M. Sternberg, 1940) 

C. pergracilis Gilmore, 1924a (including Dinosaur Park Formation, middle Mandible, partial skull and 
Macrophalangia canadensis C. M. Horseshoe Canyon Campanian- skeleton, pes, 2 manus, 
Sternberg, 1932a; Caenagnathus collinsi Formation (Alberta), early sacrum, isolated elements 
R. M. Sternberg, 1940) Canada; Upper Two Maastrichtian 

Medicine Formation 
(Montana), Hell Creek 
Formation (South Dakota), 
United States 

C. elegans (Parks, 1933) (= Ornithomimus — Dinosaur Park Formation late Mandible, 3 pedes, partial 
elegans Parks, 1933, including (Alberta), Canada; Hell Campanian- postcranium 
Caenagnathus sternbergi Cracraft, 1971) Creek Formation Maastrichtian 

(Montana), United States 
Caenagnathasia Currie, Godfrey, et 

Nessov, 1993 

C. martinsoni Currie, Godfrey, et Bissekty Formation late Turonian 2 partial mandibles 
Nessov, 1993 (Bukhoro), Uzbekistan Coniacian 

Possible caenagnathid 
Nomingia Barsbold, Osmolska, Watabe, 

Currie, et Tsogtbaatar, 2000b 

N. gobiensis Barsbold, Osmolska, Nemegt Formation early Partial postcranium 
Watabe, Currie, et Tsogtbaatar, 2000b (Omnégov’), Mongolia Maastrichtian 

Oviraptoridae Barsbold, 1976a 
Oviraptorinae Barsbold, 1976a 
Oviraptor Osborn, 1924a 
O. philoceratops Osborn, 1924a Djadokhta Formation ?middle 1 partial skeleton with skull 
(Omnégov’), Mongolia Campanian 
Rinchenia Barsbold, 1997 

R. mongoliensis (Barsbold, 1986) Nemegt Formation early Skull and fragmentary 

(= Oviraptor mongoliensis Barsbold, 1986) (Omnégov’), Mongolia Maastrichtian postcranium 


TABLE 8.1 (CONTINUED) 


Occurrence Age Material 
Citipati Clark, Norell, et Barsbold, 2001 
C. osmolskae Clark, Norell, et Barsbold, Djadokhta Formation middle Skeleton with skull, partial 
2001 (Omnégov’), Mongolia Campanian postcranium, embryo to adult 
Heyuannia Lii, 2003 
H. huangi Li, 2003 Dalangshan Formation Late Partial skull and skeleton 
(Guangdong), People’s Cretaceous 
Republic of China 
Unnamed oviraptorine (= Unnamed Djadokhta Formation middle Complete skeleton with skull 
Zamyn Khondt oviraptorine) (Omnégov’), Mongolia Campanian 
Ingeniinae Barsbold, 1981 
Ingenia Barsbold, 1981 
I. yanshini Barsbold, 1981 Red Beds of Hermiin Tsav ?middle Partial skeleton with skull, 
(Omnégov’), Nemegt Campanian- 5 partial postcrania 
Svita (Bayankhongor), early 
Mongolia Maastrichtian 
Conchoraptor Barsbold, 1986 
C. gracilis Barsbold, 1986 (including Red Beds of Hermiin Tsav ?middle Partial skeleton with skull, 
Ingenia yanshini Barsbold, 1981 partim) (Omnégov’), Mongolia Campanian 4 partial skulls, numerous 
skull and postcranial 
fragments 
Khaani Clark, Norell, et Barsbold, 2001 
K. mckennai Clark, Norell, et Djadokhta Formation middle 3 skeletons with skulls 
Barsbold, 2001 (Omnégov’), Mongolia Campanian 
Possible oviraptorosaurian 
Microvenator Ostrom, 1970a 
M. celer Ostrom, 1970a Cloverly Formation late Aptian Partial skeleton with partial 
(Montana), Cloverly skull 
Formation (Wyoming), 
United States 
Elmisaurus OsmoOlska, 1981 
E. rarus OsmoOlska, 1981 Nemegt Formation early 3 pedes, manus 
(Omnégov’), Mongolia Maastrichtian 


Nomina dubia Material 


Thecospondylus daviesi Seeley, 1888b Cervical vertebra 


(type of Thecocoelurus Huene, 1923) 


genera and species of oviraptorids, while caenagnathids are 
known only from the caudal portion of a skull, a maxilla, a 
possible palatine, and two mandibles of Chirostenotes (R. M. 
Sternberg 1940; Cracraft 1971; Sues 1997) and from several frag- 
mentary mandibles of Caenagnathasia (Currie et al. 1993a). Only 
the caudal part of the skull is preserved in Avimimus. The de- 
scription below is based mostly on oviraptorid skulls, some of 
which are exceptionally well preserved. 

The traits best characterizing the oviraptorid skull are the 
shortened snout, the edentulous, massive, beaklike jaws, and the 
long parietal (fig. 8.1A-G). However, in the basal members of 
the oviraptorosaur clade—Avimimus, Caudipteryx, and Incisivo- 
saurus—each premaxilla bears four teeth. The antorbital region 
is longer in Chirostenotes than in oviraptorids, and judging from 
the long mandible, the snout might be longer in some, but not 
all (Currie et al. 1993a), caenagnathids. 

Most of the skull bones are extensively pneumatized in 
oviraptorids and probably also in caenagnathids, but not in 
Caudipteryx. At least the nasal, the lacrimal, and the quadrate are 
pneumatized in Jncisivosaurus. The external naris is large; in ovi- 
raptorids it is usually elongate, positioned high, and more or less 


vertical in orientation. Elliptical in shape, it is less steeply ori- 
ented in Caudipteryx and subcircular in Incisivosaurus. The ant- 
orbital fossa exhibits a pronounced rostral border in all ovi- 
raptorosaurs. It is subtriangular, short and tall in oviraptorids 
but more elongate in Chirostenotes, Caudipteryx, and Incisivo- 
saurus. The orbit is large, rounded or subquadrangular. The 
square infratemporal fenestra is about the size of the orbit in 
oviraptorids but probably shorter in Caudipteryx. It is triangular 
and shorter than the orbit in Incisivosaurus. The orbit and infra- 
temporal fenestra are ventrally bounded by the thin jugal- 
quadratojugal bar, which is deeper in Caudipteryx and Inci- 
sivosaurus. In oviraptorids this bar rises dorsally toward its 
contact with the lacrimal. The occiput is deep and faces caudo- 
dorsally in oviraptorids and caenagnathids. The paroccipital 
process is long and ventrally directed; the foramen magnum is 
distinctly larger than the occipital condyle. Unlike in many 
theropods, there is no sharp transverse nuchal crest caudally de- 
limiting the skull roof, and a rounded edge marks the boundary 
between the occiput and the skull roof in oviraptorids. In some 
oviraptorid genera a longitudinal, highly pneumatized crest sur- 
mounts the skull roof. In most cases it is deep but transversely 
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FIGURE 8.1. A, Caudipteryx zoui, skull and mandible in lateral view; B, Chirostenotes pergracilis, partial braincase in occipital view; C, Avimimus porten- 
tosus, caudal portion of skull in lateral view; D, Citipati osmolskae, skull in lateral view; E, unnamed Zamyn Khondt oviraptorine, skull in lateral 
view; F, Rinchenia mongoliensis, skull in lateral view; G, Conchoraptor gracilis, reconstruction of skull in lateral view. Scale = 2.5 cm. (A after Zhou et al. 
2000; B after Sues 1997; C after Kurzanov 1987; D after Clark et al. 2001, schematized; E after Barsbold 1981; F from Barsbold 1986.) 


thin. The crest is variable in shape, and different bones may 
contribute to its formation. The nasals and premaxillae always 
form part of the crest, but the frontals, lacrimals, and parietals 
may also participate, depending on the genus or species. The 
crest is positioned above the snout, with its rostral margin over- 
hanging the premaxillae in some oviraptorids (e.g., the un- 
named Zamyn Khondt oviraptorine); its highest point is placed 
either above the lacrimals (Rinchenia) or on the most rostral end 
of the crest (Citipati). A horny sheath similar to that in casso- 
waries (Barsbold 1988a) may have covered the crests in life. 
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Characteristically, the crest is developed only in the largest 
skulls (Rinchenia, Citipati, the unnamed Zamyn Khondt ovi- 
raptorine), which suggests that, as in cassowaries, it was posi- 
tively allometric and may have been absent in juveniles. In forms 
without a crest the bones of the skull roof are also pneumatized. 

The premaxilla is short but deep, with a steep, sometimes 
vertical rostral margin in oviraptorids. It has a crenulated to- 
mial edge (Xu et al. 2002c) and an irregularly pitted outer sur- 
face. In life the rostrum was most probably covered by a rham- 
photheca. Although massive in appearance, the main body of 


the oviraptorid premaxilla contains a large chamber that ap- 
parently communicates caudally with the nasal cavity. In ovi- 
raptorids the premaxilla overlies the maxilla and forms the ros- 
tral border of the antorbital fossa, but this is not the case in 
Chirostenotes, Caudipteryx, and Incisivosaurus. In the latter genus 
the premaxilla is longer and shallower than in oviraptorids, re- 
sembling in its shape the premaxilla in Caudipteryx. Both the 
supranarial (nasal) and subnarial (maxillary) processes of the pre- 
maxilla contact the nasal; in oviraptorids the former contacts 
the nasal within the internarial bridge, the latter at the caudo- 
lateral corner of the external naris in oviraptorids, but in 
Caudipteryx this contact is more rostral. 

In crested oviraptorids the internarial bridge expands dorso- 
ventrally to take part in the formation of the crest. The palatal 
shelves of the opposite premaxillae meet medially, and their 
caudal halves are overlapped ventrally by the respective shelves 
of the maxillae. The premaxilla, undescribed in Chirostenotes, is 
edentulous in oviraptorids, but it bears four teeth in Avimimus, 
Caudipteryx, and Incisivosaurus. The first premaxillary tooth is 
needlelike and curved in Caudipteryx but greatly enlarged and 
mesiodistally compressed in Incisivosaurus. 

The maxilla is excluded from the external naris and is short 
in oviraptorids but longer in Chirostenotes. The maxilla is also 
excluded from the naris in Caudipteryx. The short, shallow lat- 
eral ramus of the oviraptorid maxilla is inset medially in ovi- 
raptorids but not in Caudipteryx or Chirostenotes. It bears several 
pneumatic openings of different sizes along the ventral margin 
in oviraptorids and Chirostenotes. The ventral margin of the 
maxilla contacts caudally the lateral ramus of the palatine and 
the ascending rostral process of the ectopterygoid. Rostro- 
medially the maxilla develops a thin, oblique septum that di- 
vides the antorbital fossa and rostrally bounds the tall internal 
antorbital fenestra. The septum is usually damaged rostrally, but 
a maxillary fenestra is found in this region in at least Citipati 
and the unnamed Zamyn Khondt oviraptorine. One maxillary 
fenestra is found also in Caudipteryx. The septum contacts the 
medial surface of the subnarial process of the premaxilla ros- 
trodorsally, the lacrimal caudodorsally, and the dorsal surface of 
the palatal ramus of the maxilla ventrally. Palatal shelves of the 
maxillae approach each other along the midline but are sepa- 
rated by a thin rostral process of the vomers. Each of the shelves 
bears a pair of thick, rounded, longitudinal ridges. The maxil- 
lary shelf is shorter and wider in oviraptorids than in caenag- 
nathids and forms more than half of the short secondary palate. 
Caudally each maxillary shelf develops a strong, toothlike ven- 
tral projection that closely approaches its counterpart along the 
midline. These “teeth” are separated by a short rostroventral 
process of the vomers and are braced caudally by the strong, 
transversely and vertically expanded cranial extremity of the 
fused vomers. The ventral aspect of the premaxillary-maxil- 
lary region is unknown in Avimimus and Caudipteryx. In Inci- 
sivosaurus the maxilla bears nine small lanceolate teeth that 
lack serrations or denticles. 

The nasals in oviraptorids are fused with one another for 
most of their length, except along the rostral ends. The nasal 
usually comprises the long, narrow internarial process and a 
transversely widened, pneumatized postnarial portion. The lat- 
ter has an extensive contact with the frontal caudally, whereas 
rostrally it forms the caudal margin of the large naris. The nasal 
forms a large portion of the crest. Its surface may be fenestrated 
in both crested and uncrested genera. Laterally its contact with 
the dorsal extremity of the lacrimal is longer in crested forms. In 
Caudipteryx the nasals are equally wide for most of their length 
and do not fuse. 


In the majority of oviraptorid genera the frontal is unusually 
short, its length being between one-third and two-thirds of the 
parietal length. The skull roof is damaged in Caudipteryx; how- 
ever, the frontal is about as long as the parietal in C. zoui (Ji et 
al. 1998:figs. 6, 7). The frontal is longer than the parietal in In- 
cisivosaurus (Xu et al. 2002c). The interfrontal suture is usually 
visible. Rostrally the joined frontals form a short wedge that 
separates the caudal ends of the nasals in most oviraptorosaurs. 
However, in some crested oviraptorids the frontals may be fused 
with one another and develop an elongate rostromedial process. 
There are small, irregularly distributed fenestrae on the outer 
surface of the frontals and nasals in both crested and flat-headed 
oviraptorids but not in Caudipteryx and probably not in Incisivo- 
saurus. The orbital margin of the frontal is roughened. The 
ventrolateral portion of the frontal is extensive medially and 
longitudinally. In oviraptorids it contacts the laterosphenoid 
caudally and the orbitosphenoid caudoventrally. 

In all oviraptorids the parietals are unusually long, consti- 
tuting the major part of the braincase roof. The parietal portion 
of the skull is transversely narrow. The frontoparietal suture is 
V-shaped. Along the line of fusion of the parietals a sharp but 
rather low sagittal ridge is present. The occipital process of the 
parietal has a large exposure on the occiput, contacting a narrow 
strip of the squamosal laterally, the supraoccipital medially, and 
the exoccipital ventrally. 

The laterosphenoid is a thick bone in oviraptorids. It is pneu- 
matized, at least cranially, in the region adjacent to its frontal 
process. Caudally the laterosphenoid ends in a thickened margin 
that marks its contact with the prootic. At approximately the 
midlength of bone there is a sharp, vertical ridge. The frontal 
process of the laterosphenoid has a sharp ventral keel, which 
separates the bone into caudolateral and rostroventral parts. The 
latter delimits laterally the exit for the optic nerve plus the in- 
fundibulum, and rostromedially it contacts the orbitosphenoid. 
Ventromedially the laterosphenoids contact the basisphenoid 
on both sides of the dorsum sellae. The contribution of the 
laterosphenoid to the margin of the trigeminal opening is small. 

The oviraptorid orbitosphenoid is large and has distinct su- 
tures with the frontal and laterosphenoid. It extends rostrally 
for at least half the length of the orbit, and caudolaterally it 
bounds the large opening of the olfactory peduncle. Caudally 
each orbitosphenoid has a ventrally directed lip that delimits 
rostroventrally the exit of the optic nerve. 

The prefrontal is not known in oviraptorosaurs. However, a 
distinct suture that incompletely detaches a small caudolateral 
portion from the rest of the frontal in an oviraptorid prelimi- 
narily described as Ingenia sp. (Li et al. 2002) suggests that it 
might be fused with the frontal. 

The lacrimal is composed of a stout, rostrally bowed ant- 
orbital shaft and a dorsal ramus. The latter is subhorizontal and 
narrows rostrocaudally in the flat-headed Conchoraptor but may 
be steep and slightly longer in crested genera. The shaft is rostro- 
caudally flattened at midlength, where it forms a wide rostral wall 
to the orbit. Dorsally, within the antorbital fossa the shaft ex- 
tends into a thin, fenestrated rostral flange. It borders the inter- 
nal antorbital fenestra dorsally. The shaft ends ventrally in an 
oblique, laterally facing articular surface. Its dorsal part is for 
the jugal, and the ventral part is for the maxilla plus ectoptery- 
goid. In Conchoraptor the dorsal segment of the lacrimal has a 
limited exposure on the skull roof that wedges between the 
frontal and nasal. In contrast, the dorsal lacrimal segments in 
crested oviraptorids are usually steep, extending more dorso- 
medially and rostrocaudally and participating in the lateral 
wall of the crest. The lacrimal is a slender, T-shaped bone in 
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Caudipteryx. In C. zoui it bears a large pneumatic foramen on its 
external surface (Zhou et al. 2000). The lacrimal is also roughly 
T-shaped in Incisivosaurus. 

The postorbital has a stout frontal process that is medially 
and dorsally directed, resembling the upturned frontal process 
of dromaeosaurids. The frontal process is also upturned in 
Caudipteryx (Zhou et al. 2000) but not in Incisivosaurus. The 
squamosal process is long at least in some oviraptorids (Con- 
choraptor, Ingenia, Citipati), in which it extends caudally along 
most of the length of the supratemporal arcade. The jugal pro- 
cess is long, reaching ventrally well below the midlength of 
the postorbital bar. This process is found to be detached from 
the corresponding articulation surface on the jugal, which shows 
that contact between these processes allowed some motion. The 
jugal process was strongly or entirely reduced in Avimimus. 

The oviraptorid squamosal includes a robust, narrow caudo- 
dorsal body and a thin, greatly expanded ventrolateral ramus. 
The former produces the long caudal process caudoventrally 
and the long and narrow postorbital process rostrolaterally. The 
postorbital process of the squamosal is pneumatized. In some 
genera there is a deep, funnel-like pneumatic recess just below 
the base of the postorbital process, suggesting that all of the 
squamosal is probably pneumatized. The ventrolateral ramus is 
an extensive, complicated structure that is most often obscured 
by an overgrowth of the pterygoid ramus of the quadrate. Later- 
ally the ventral margin of the squamosal bears a cotylelike in- 
cision. Rostrally the squamosal receives the dorsal tip of the 
squamosal process of the quadratojugal. The incision may bound 
the external auditory meatus dorsally. The squamosal cotyle for 
the quadrate head is placed just medial to this incision. A simi- 
lar structure is also found in Caudipteryx. 

The jugal is shallow to rodlike in oviraptorids. It gradually 
rises rostromedially toward a contact with the lacrimal, its 
longitudinal axis forming an angle with that of the palate. This 
angle is the largest in Citipati and Rinchenia. Starting with its 
contact with the lacrimal, the jugal diverges caudolaterally from 
the longitudinal axis of the skull. Close to the contact with the 
inset caudolateral portion of the maxilla, the jugal flattens 
dorsoventrally and widens mediolaterally. The maxillary end 
of the jugal usually extends rostrally beyond the orbital margin. 
This portion of the jugal is the longest in Citipati and borders 
the antorbital fenestra ventrally. In crested oviraptorids the 
jugal is thin and rodlike for most of its length; however, in Con- 
choraptor and Ingenia it is deeper. The quadratojugal process of 
the jugal is pointed caudally instead of having a bifurcated end 
as in all other theropods. It is about as thin as the suborbital por- 
tion of the jugal in Avimimus and crested oviraptorids but nearly 
twice as deep in uncrested species. The postorbital process of the 
jugal is long. In Citipati and Conchoraptor it reaches dorsally al- 
most to the base of the jugal process of the postorbital. On its 
rostrolateral surface the postorbital process bears an extensive 
surface for a contact with the jugal process of the postorbital. In 
Caudipteryx, Incisivosaurus, and uncrested oviraptorids the axis 
of the postorbital process of the jugal is caudodorsally inclined 
relative to the axis of the suborbital ramus. It is perpendicular in 
crested species. (The postorbital process is presently broken off 
in the unnamed Zamyn Khondt oviraptorine; however, accord- 
ing to an earlier photo of the specimen, its axis is vertical.) This 
process is entirely reduced in Avimimus. 

The quadratojugal has a long and slender squamosal process 
that adheres medially to the lateral margin of the quadrate, 
except along the paraquadratic fenestra. In oviraptorids, and 
apparently also in Caudipteryx, this process dorsally reaches a 
cotyle on the squamosal at about the level of the quadrate- 
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squamosal articulation. The angle between the squamosal and 
the jugal process is about 90° in all oviraptorosaurs except Citi- 
pati, in which it is acute due to a rostrodorsal inclination of the 
squamosal process. The jugal process of the quadratojugal 
underlies the corresponding process of the jugal. It is long, 
bounding ventrally most of the infratemporal fenestra. Its 
length cannot be estimated in Avimimus, in which both 
processes are fused. The caudal end of the quadratojugal is ro- 
bust and rounded. It has a depression on its medial surface into 
which fits an extension on the lateral condyle of the quadrate. 
This quadratojugal-quadrate contact is open in some skulls but 
entirely fused in others. Since the fusion occurs in some smaller 
skulls but is absent in larger ones, it clearly is not an age- 
dependent condition. In Avimimus, Caudipteryx, and Khaan the 
quadratojugal does not extend caudally, or only slightly so, be- 
yond the line of the squamosal process; in Citipati, Rinchenia, 
and the unnamed Zamyn Khondt oviraptorine it extends 
slightly caudoventrally. This skull of Conchoraptor is not well 
known, but the quadratojugal significantly projects caudally 
beyond the line of the squamosal process. The oviraptorid 
quadrate has a sturdy, pneumatic shaft that is wide and caudally 
concave (Maryanska and Osmolska 1997). The mandibular 
process is strongly expanded mediolaterally, being almost three 
times as wide transversely as the otic process. The lateral condyle 
of the mandibular process has a lateral extension that fits into a 
corresponding depression on the quadratojugal. The otic pro- 
cess arches slightly backward, and dorsally it has two separate, 
flat articular facets. The dorsolateral one contacts the squa- 
mosal, whereas the caudomedial one reaches the lateral brain- 
case wall. The latter contact is with the opisthotic, caudal to the 
foramen ovale and close to the base of the paroccipital process. 
Although the quadrate is not preserved in Chirostenotes, the 
opisthotic has a depression on its rostral surface that may rep- 
resent the area of contact with the otic process of the quadrate 
(Sues 1997). The pterygoid ramus of the quadrate is thin, verti- 
cally and longitudinally broad, and rostromedially directed. It 
tightly adheres to the quadrate ramus of the pterygoid. 

The short, wide, ridged hard palate is peculiar to oviraptoro- 
sauroids. The structure of its palate is unknown in basal ovi- 
raptorosaurs. The articulated palatine is known only in ovirap- 
torids (Citipati and the unnamed Zamyn Khondt oviraptorine), 
and it is unusual in that it comprises three rami (lateral, 
horizontal, and transverse) that are nearly perpendicular to 
one another (Clark et al. 2002b; Maryanska et al. 2002). The 
lateral ramus is thick, vertically oriented, and exposed on 
the lateral surface of the skull between the rostral ascending 
process of the ectopterygoid caudally and the maxilla rostrodor- 
sally. Along its ventral margin the lateral ramus bends medially 
to give rise to a thin horizontal ramus that underlies the concave 
ventral surface of the pterygoid-ectopterygoid bar. In turn, the 
horizontal ramus bends upward along the caudal margin of the 
exochoanal fenestra and forms a thin, vertical, transverse ramus 
that separates the nasal cavity from the orbital region. The 
paired transverse rami of the palatines contact each other dor- 
sally but are separated ventrally by the fused vomers. On the su- 
ture between the lateral ramus of the palatine and the ascending 
process of ectopterygoid is a small remnant of the suborbital 
fenestra (postpalatine fenestra sensu Elzanowski 1999). The 
pterygopalatine (accessory) fenestra is absent. The exochoanal 
fenestrae are rounded and placed almost directly ventral to the 
external narial openings (Clark et al. 2002b). The tetraradiate 
bone tentatively identified as the palatine in Chirostenotes (Sues 
1997) is different from that in oviraptorids. Among basal ovi- 
raptorosaurs the palate is known only in Incisivosaurus. It is 


entirely different from the oviraptorid palate. The palate of 
Incisivosaurus is peculiar in lacking the separate exochoanal 
fenestrae, which, according to Xu at al. (2002c), are confluent 
with the “subsidiary palatine” (pterygopalatine) fenestra. The 
hard palate is not ridged, and the palatine is triradiate. How- 
ever, according to Xu et al. (2000c: fig. 1C), the vomeral process 
of the palatine does not resemble that process in other thero- 
pods either in shape or in position. 

The vomers are fused, thick and deep rostrally, being espe- 
cially massive at the toothlike ventral processes of the maxillae, 
which they brace caudally, and separate ventromedially. Dor- 
sally the vomers become a thin rostral plate that wedges be- 
tween the palatal shelves of maxillae. Between the exochoanal 
fenestrae the vomers form a dorsoventrally thick bar. Behind the 
midpoint of the exochoanal fenestra a line separating both 
vomers becomes visible. In the caudal region of the fenestrae 
the vomers become laterally compressed and develop a deep 
dorsal process that contacts the transverse rami of the palatines 
on both sides. More caudally the vomers separate, and each 
branch is overlapped laterally by the medial (vomeral) process 
of the palatal ramus of the pterygoid. The dorsal extensions of 
the vomers approach or contact the tip of the parasphenoidal 
rostrum. Among basal oviraptorosaurs the vomers are known in 
Incisivosaurus, in which they are unfused. 

The pterygoid is composed of an extensive, thin, vertical 
quadrate ramus and a rostrally bifurcated palatal ramus. The cau- 
dal part of the quadrate ramus is covered laterally by the ptery- 
goid ramus of the quadrate. The pterygoid-basisphenoid contact 
distinguishes oviraptorids from caenagnathids and other 
theropods. In oviraptorids it has a short, wide, medial process 
that contacts the ventrolateral surface of the basisphenoid, 
whereas the medial process is absent in caenagnathids. The 
palatal ramus of the pterygoid is massive and has an extensive 
rostrolateral contact with the ectopterygoid, so that both bones 
form a thick longitudinal bar. The two bars are separated from 
each other by a long, narrow interpterygoid vacuity. Ventrally 
each bar bears a long trough that is laterally bound by a deep, pen- 
dant flange formed by the pterygoid caudally and the ecto- 
pterygoid rostrally. The bar is also slightly concave along its dor- 
sal surface. Within the bar, the suture between the pterygoid and 
ectopterygoid is distinct and sinuous, and it is bowed and concave 
caudally on the lateral side of the hanging flange. The unique 
palatal bar of oviraptorids is reminiscent of a similar bar found in 
dicynodonts (Crompton and Hotton 1967:fig. 1). The pterygoid 
is not well displayed in Caudipteryx, but it is well exposed ventrally 
in Incisivosaurus and partly preserved in Avimimus. The pterygoid 
in Incisivosaurus has an accessory ventral flange that contacts the 
flange of the other side on the midline. A similar pterygoid struc- 
ture is found in Avimimus, in which the caudal portions of the op- 
posite palatal rami also underlie the basisphenoid ventrally. 

The most characteristic trait of the oviraptorid ectopterygoid 
is the absence of a transverse, hooklike jugal process. Instead the 
ectopterygoid curves upward rostrally and develops a peculiar 
ascending process to give the bone the shape of a Viking ship. 
The end of this process contacts the maxilla rostrodorsally, the 
lacrimal dorsomedially, and the palatine ventrally. Its caudo- 
dorsal contact with the narrow rostral tip of the jugal is insignifi- 
cant. A thin, horizontal ramus of the palatine underlies the 
entire concave ventral surface of the ectopterygoid, and there is 
no rounded “carnosaur pocket.” The rostrodorsal migration 
of the contact with the jugal distinguishes the oviraptorid ecto- 
pterygoid from those of all other diapsid reptiles. As the result of 
this migration, the subtemporal fossa has been extended ros- 
trally, taking up the space that in all other diapsids is occupied 


by the suborbital fenestra. With the mandible adducted, the 
coronoid eminence and the raised surangular portion of the 
mandible fit in this space. In Caudipteryx and Incisivosaurus the 
ectopterygoid has a hooklike process (Ji et al. 1998; Xu et al. 
2002c) and a normal theropod shape in this respect. In Incisivo- 
saurus there is an opening on the contact between the pterygoid 
and the main body of the ectopterygoid (subsidiary ectoptery- 
goid fenestra sensu Xu et al. 2002c). 

The epipterygoid is preserved in articulation in skulls of most 
oviraptorids. It is wide and thin ventrally and firmly adheres to 
the pterygoid. Its narrow dorsal head fits into a small cotylelike 
depression on the laterosphenoid. 

As visible on skulls in Conchoraptor and the unnamed Zamyn 
Khondt oviraptorine, the supraoccipital is deep and leaf-shaped 
and has a vertical median ridge. It forms a small part of the dor- 
sal margin of the large foramen magnum in oviraptorids, but 
probably its share was more extensive in Chirostenotes (fig. 8.1E). 
The paroccipital portion of the exoccipital-opisthotic unit is 
crescentic and constitutes most of the caudal surface of the long 
paroccipital process. The medial part of the exoccipital forms 
most of the margin of the foramen magnum but makes only a 
small contribution to the occipital condyle. The general ap- 
pearance of the occiput is similar in Incisivosaurus. The supra- 
occipital crest is thick in Avimimus, and at the contact with the 
parietals it ends with a massive, caudally projecting tuber. 

The pneumatic basioccipital forms most of the occipital 
condyle, which is distinctly smaller than the foramen magnum. 
The condyle is almost round with an extensive articular surface. 
The neck of the condyle is well developed. The basal tubera are 
thick rostrocaudally and well separated from each other in Con- 
choraptor and the unnamed Zamyn Khondt oviraptorine, but 
they are less distinctly separated, as well as thinner and deeper, 
in Chirostenotes. The pneumatized basisphenoid extends rostro- 
ventrally to the basal tubera. There is a deep trough along the 
ventral surface of the basisphenoid, often with an elongate 
pneumatic foramen in the middle. In oviraptorids there is no 
basipterygoid process. The basal portion of the basisphenoid, 
close to the base of the parasphenoidal rostrum, is broadened 
and depressed on the contact with the corresponding protru- 
sion on the pterygoid. Chirostenotes has a reduced but robust 
basipterygoid process. Unlike in oviraptorids, in which the 
pterygoid-basisphenoid articulation is positioned well rostral to 
the basal tuber, in Chirostenotes it is more caudal and closer 
to the basal tuber. The parasphenoid is transversely flattened 
across its base and extends cranially into a long, rostroventrally 
sloping rostrum. The tip of the rostrum contacts the vomers. 

The oviraptorid braincase is long, whereas in Chirostenotes 
it is rostrocaudally short relative to its depth. In the majority of 
oviraptorid skulls the caudal section of the lateral wall of the 
braincase is hidden externally by a sheet of bone formed by the 
extended pterygoid ramus of the quadrate, the quadrate ramus 
of the pterygoid, and the ventrolateral ramus of the squamosal. 
The space between this sheet and the braincase wall is narrow. 
The prootic and opisthotic are strongly pneumatized, and their 
contacts are mostly obscure. The otosphenoidal crest is almost 
nonexistent in Conchoraptor, but it is thick in the unnamed 
Zamyn Khondt oviraptorine, in which it extends along most of 
the length of the prootic but disappears rostrally, above the 
small opening for the exit of the facial nerve (c.n. VII). The in- 
ternal wall of the endocranial cavity is exposed in several ovi- 
raptorid skulls. There is a deep internal auricular fossa, rostrally 
bounded by a convex arcuate eminence. The sutures between 
the opisthotic, the prootic, and the supraoccipital are usually 
visible on the surface of the tympanic bulla, and they join at its 
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FIGURE 8.2. A, B, unnamed Zamyn Khondt oviraptorine, mandibular ramus in A, lateral, and B, medial views; C, D, Chirostenotes pergracilis, 
mandible in C, lateral, and D, dorsal views; E, Nomingia gobiensis, end of tail with pygostyle in dorsal, left lateral, and ventral views; F, Caudipteryx 
zoui, disarticulated skull and postcranium, visible feathers associated with the forelimb and tail; G, H, Ingenia yanshini, scapulocoracoid in G, 
lateral, and H, dorsal views; I, unnamed Zamyn Khondt oviraptorine, furcula in external view. Scale = 5 cm. (C, D, after R. M. Sternberg 1940; 
E after Barsbold et al. 2000b; F after Ji et al. 1998; I after Barsbold 1981.) 


center, leaving the endolymphatic foramen open. The acoustic _ vestibulocochlear nerve (c.n. VIII). The caudal pocket contains 
fossa in most oviraptorid skulls is distinctly subdivided intotwo the openings for fibers of the caudal branch of the vestibulo- 
deep pockets, or depressions, each containing a group of three —_ cochlear nerve (c.n. VIII). The metotic fissure delimits the otic 
foramina. The rostral pocket contains the opening for the facial _ bulla caudoventrally and is divided into two parts by a caudal pro- 
nerve (c.n. VII) and for the fibers of the rostral branch of the _ cess of the opisthotic. The rostroventral part communicates with 
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the vestibulum and presumably conducted the perilymphatic 
duct and glossopharyngeal nerve (c.n. [X). The caudodorsal part 
opens lateral to the exits of the hypoglossal nerve on the oc- 
ciput and presumably conducted the vagus (c.n. X) and acces- 
sory (c.n. XI) nerves, as well as the internal jugular vein. The 
medullar surface of the exoccipital shows four openings for the 
branches of the hypoglossal nerve (c.n. XII). The stapes is ex- 
tremely thin, with a small footplate. It is preserved untouched 
only in a few oviraptorids (Clark et al. 2002). 

The oviraptorosaur mandible is toothless (figs. 8.1A, 8.2A-D) 
except in Incisivosaurus. Its rami are bent medially, and there is 
a medially inflected coronoid eminence on the surangular. The 
mandibular symphysis is U-shaped. The dentary has a lingually 
extended shelf in caenagnathids. The symphyseal region of 
the dentary is thick and pneumatized. The external mandibular 
fenestra is large. The cranial margin of the fenestra is deeply in- 
cised into the dentary, dividing the latter into two long, shallow 
dorsal and ventral caudal processes. The articulation for the 
quadrate is exclusively formed by the articular, without any par- 
ticipation of the surangular. It is wide, almost rounded in dorsal 
view, faces caudodorsally, and hasa slightly convex longitudinal 
profile. A low, longitudinal midline ridge divides the articular 
surface into two flat or weakly concave surfaces. The medial sur- 
face is distinctly wider and usually more concave than the lateral 
one. There are no rostral or caudal bony constraints to the artic- 
ular surface. The retroarticular process is long and slender. On 
the lingual side of the mandible the adductor fossa is greatly en- 
larged, and it has no rostral margin (Sereno 1999a). The pre- 
articular rapidly decreases in depth rostrally. The splenial is a shal- 
low, straplike bone that extends almost to the symphysis. The 
small, reduced coronoid bone has so far been found only in Citi- 
pati. The only complete caenagnathid mandible known is the 
long, slender one of Chirostenotes (fig. 8.2C, D). Its symphyseal 
shelf is long, shallow, and wide, and it bears two longitudinal oc- 
clusal grooves and ridges. The symphysis is fused, and unlike in 
most other oviraptorosaurs, no trace of the interdentary suture 
is visible. The symphyseal region of the jaw rises dorsally along 
the margin but is practically straight along most of its ventral 
edge. The long, low, and undivided external mandibular fen- 
estra is positioned at the midlength of the jaw. The articular is 
fused with the surangular. Only partial mandibles are known in 
other caenagnathid genera, but they also have fused symphyses. 

In oviraptorids the dentary is shorter longitudinally and nar- 
rower medially, and it lacks the lingual ridge. The symphysis is 
sutural in the unnamed Zamyn Khondt oviraptorine, Concho- 
raptor, and Ingenia (with the possible exception of old individu- 
als, in which they may fuse); the contact surfaces of opposite 
dentaries are rugged and join in a tight, extensive, interdigitate 
suture. The bones are not fused within the articular region. The 
external mandibular fenestra is extremely tall in oviraptorids, 
subdivided by a long rostroventral process of the surangular and 
positioned in the rostral half of the jaw. An extensive, shallow 
concavity along the caudal part of the surangular likely indi- 
cates the insertion of M. depressor mandibulae externus. The 
rostral part of the mandible is downturned, and the rostrodorsal 
margins of dentaries are deeply concave, leaving a large gap be- 
tween the front of the mandible and the upper jaws. During life 
the thickened portion ofa horny bill probably filled this gap. As 
shown by the articulated skulls and mandibles of oviraptorids, 
the coronoid eminence passed medial to the jugal bar. It was 
positioned slightly caudally, just below the rostroventral angle 
of the orbit, opposite the pterygoid-ectopterygoid bar. 

The mandible is incomplete in Avimimus but has a long retro- 
articular process as in caenagnathoids and a narrow, elongate 


external mandibular fenestra that is undivided as in caenag- 
nathids. The coronoid eminence is weakly developed and slightly 
bent lingually. The mandible in Caudipteryx is disarticulated and 
poorly preserved. It is shallower than the oviraptorid mandible, 
has a narrow, elongate, and undivided external mandibular fen- 
estra, and the shape of the rostral part of the dentary resembles 
that in the advanced oviraptorosaurs. The splenial is long and 
straplike as in caenagnathoids. The mandible of Incisivosaurus 
bears teeth, except at its rostral tip, and has a reduced coronoid 
bone; otherwise it is similar to that in Avimimus. 

Teeth occur only in basal oviraptorosaurs: Avimimus, Cau- 
dipteryx, and Incisivosaurus. In the first two genera only the pre- 
maxilla bears teeth, four in both cases. In Caudipteryx the teeth 
have needle-shaped crowns and wide roots and are constricted 
at the bases of the crowns. The first premaxillary tooth is longer 
than the others and curves backward. In Avimimus the crowns 
are broken off. Incisivosaurus also bears teeth, and the dentition 
is most unusual in this genus: Of the four premaxillary teeth, the 
first is the longest and strongest, mesiodistally compressed, and 
bears a large wear facet on the lingual surface. The succeeding 
premaxillary teeth are small and subconical. There are nine max- 
illary teeth, which are small, lanceolate, unserrated, and bear 
obliquely inclined wear facets mesially. Eight or nine teeth are 
found in the mandible, and they resemble the maxillary teeth 
in size and shape. 

Among oviraptorosaurs, sclerotic plates have been reported 
only in Caudipteryx, but the large orbits of oviraptorids sug- 
gest that the eye was protected by a sclerotic ring as in other 
oviraptorosaurs. 


Postcranial Skeleton 


AXIAL SKELETON 


Complete or largely complete vertebral columns are known for 
many oviraptorid genera (Barsbold 1983a, 1983b; Sues 1997; 
Makovicky and Sues 1998; Barsbold et al. 2000a, 2000b), and the 
following description mostly concerns representatives of Ovi- 
raptoridae, unless stated otherwise. All vertebral centra except 
those of the distal portion of the tail bear pleurocoels. Occa- 
sionally a few cervicals or dorsals display double pneumatic open- 
ings. The centra and arches of all vertebrae are pneumatized and 
have a camellate internal structure. The presacral vertebral col- 
umn includes 22 or 23 vertebrae. Subdivision of this series into 
cervical and dorsal regions is difficult because the relationship 
of the ribs to the sternum is so far unclear. However, changes 
in the lengths of the centra, the position of the parapophyses, 
the shapes of the zygapophyses and transverse processes, and 
the shapes of the cervical ribs indicate that the neck of at least 
some oviraptorosaurs included 1 or 2 vertebrae more than those 
of other theropods. The neck was more than twice as long as the 
skull. Hence, there might have been 12 or 13 cervicals (includ- 
ing the transitional cervicodorsals) and as few as 10 or 9 dorsals, 
depending on how many vertebrae have been added to the cer- 
vical and/or synsacral series. The number of vertebrae forming 
the synsacrum in adult oviraptorosaurs is between 6 and 8 (in 
Conchoraptor), but this number may vary within a species, usu- 
ally depending on the individual age. The number of vertebrae 
that contact the ilia with their ribs ranges from 6 to 9. The tail 
includes 22 to 32 vertebrae (contra Barsbold et al. 1990) and thus 
is shorter than in most other theropods. 

The occipital fossa on the atlas intercentrum is about twice as 
deep as wide, and the shape of the arch elements strongly varies 
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in oviraptorids. The dorsal parts of the arch may be either wide 
and short or elongate, and the postzygapophyses may differ in 
length. The axis is usually preserved with the half-ring-shaped 
intercentrum tightly attached. The odontoid process is fused to 
the axis intercentrum, but often it is not fused to the axis itself. 
Each side of the axis centrum bears a large pleurocoel and a 
small parapophysis. The transverse process of the axis is not pro- 
nounced, and the epipophysis is only slightly larger than those 
on the postaxial cervicals. The axial neural spine is elongate 
and deeper than those in the succeeding cervicals. It may be sub- 
triangular, as in the unnamed Zamyn Khondt oviraptorine, or 
rectangular, as in Conchoraptor. The cervical centra are weakly 
elongate, and with the exception of the axis, they do not differ 
significantly in length. Their depth remains almost the same 
throughout the cervical series. The ventral surfaces of all cervi- 
cal centra are horizontal. The centra of the postaxial cervicals 
are generally shallow and platycoelous; usually their caudal sur- 
faces are slightly more concave than the cranial. The majority of 
cervicals have centra that are shallow cranially but less so cau- 
dally. The result is a vertically shallow but transversely wide 
cranial articular surface and a deeper than wide caudal surface. 
Only the centra of the most caudal cervicals are as deep cranially 
as caudally. The articular surfaces of the cranial centra are in- 
clined craniodorsally-caudoventrally. This is particularly true of 
the cranial surfaces, which are so strongly inclined that they 
pass gently onto the ventral surface of the centrum, without any 
sharp inflection. These articular surfaces gradually become less 
oblique down the cervical series, becoming vertical in the most 
caudal cervicals. The pleurocoels are large and positioned ap- 
proximately at the midlength of the centrum. At least in the 
third to seventh cervicals (and in some cases still in the ninth 
cervical) the parapophyses are placed at the cranioventral mar- 
gins of the centra. Often they have the shape of the ventro- 
laterally directed peduncle-like extensions. Because of these ex- 
tensions, the cranial region of the centrum is wide and ventrally 
concave but narrows and flattens caudally. In the most caudal 
cervicals the parapophyses shift progressively dorsally up the 
sides of the centra. They are positioned on the suture between 
the centrum and the neural arch in one of the cranial dorsals. 
The neural canals are large in the cervicals and almost as high as 
the centra. The cervical arches are variable in shape. The depths 
and widths of the arches gradually increase backward to a de- 
gree that varies among oviraptorids. Along most of the series 
the lateral parts of the arches slope ventrolaterally between the 
zygapophyses. This slope continues onto the transverse pro- 
cesses. The transverse processes are positioned about midway 
between the zygapophyses in the more cranial cervicals. More 
caudally they move gradually forward until positioned at the 
base of the prezygapophyses. In the last two cervicals they are 
almost horizontal. Generally, the cervicals, especially the neural 
arches, may differ among oviraptorid genera. In dorsal view the 
arches of the caudal cervicals are characteristically X-shaped 
(Makovicky and Sues 1998), as in the unnamed Zamyn Khondt 
oviraptorine and Rinchenia, or cross-shaped, as in Ingenia. Infra- 
postzygapophyseal, infradiapophyseal, and infraprezygapo- 
physeal fossae are found on all caudal cervicals, but cranial cer- 
vicals lack the infraprezygapophyseal fossa. In all oviraptorid 
genera the epipophyses are moderate in size along the entire cer- 
vical series. Each is a low, often elongate tuber that is positioned 
at a distance from the caudal margin of the postzygapophysis. 
The cervical neural spines are short sagittally, shallow to moder- 
ately tall, and subtriangular to subquadrangular in lateral view. 

The twelfth vertebra is a cervicodorsal in some genera, whereas 
in others it is the thirteenth presacral vertebra that shows tran- 
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sitional features. These features include a subhorizontal trans- 
verse process, a shallow keel on the ventral surface of the cen- 
trum, anda hyposphene. The parapophysis of the cervicodorsal 
vertebra is positioned low on the centrum, which is longer than 
that of the succeeding dorsal. The transverse process is not well 
differentiated from the prezygapophysis, and the rib is short 
and firmly attached to the vertebra. Over the cervicodorsal tran- 
sitional zone there are usually two to three vertebrae that have 
deep hypapophyses along the cranial half of the centrum. It is 
generally believed that hypapophyses occur in the three cranial 
dorsals; however, in some oviraptorids this ventral process is 
already present in the vertebra at the end of the cervical series, 
which still has a short rib. 

The dorsal centra are deep, short, and spool-like and almost 
equal in length. They deepen insignificantly close to the sacrum. 
The cranial articular surfaces of the centra are slightly concave, 
whereas the caudal ones are almost flat. The cranial dorsals are 
transversely narrow, and each has a ventral keel, which becomes 
less sharp close to the sacrum. The first two dorsals have hypa- 
pophyses. Generally there is only one oval pleurocoel on either 
side, but occasionally one or two centra may have double pleu- 
rocoels. Prezygapophyses and postzygapophyses are generally 
short and extend only slightly beyond the centrum. The post- 
zygapophyses are elongate only in the most cranial dorsals and 
diverge from each other similarly to those of the caudal cervi- 
cals. In more caudal dorsals the postzygapophyses are parallel. 
The zygapophyses are highly elevated above the base of the neu- 
ral arch. The postzygapophyseal articular facets are concave and 
flexed and generally face ventrally. Hyposphene-hypantrum 
articulations are found along the entire dorsal series. The long 
transverse processes are horizontal in a few cranial dorsals, but 
more caudally they rise steeply dorsolaterally. They are sup- 
ported ventrally by two struts that separate three pneumatic fos- 
sae on each side of the vertebrae. The neural spines are deep, 
their depth gradually increasing toward the sacrum. Their distal 
ends are sometimes thickened. 

The number of sacrals varies among oviraptorid genera. There 
are usually six or seven vertebrae contacting the ilia through 
their respective ribs. The synsacrum may include five to eight 
sacrals in subadult or adult individuals, whereas the sacrals did 
not fuse in young individuals. Midsacral centra have longitudi- 
nal grooves ventrally. Elongate pleurocoels, known in all sacral 
centra, are positioned close to the contact with the sacral ribs. 
The neural spines contact but do not fuse to each other. All but 
the most cranial and caudal sacral ribs are massive and short. 

The caudal centra are amphiplatyan; the proximal ones are 
spool-like, while the distal ones are box-shaped. Down the cau- 
dal series, the centra shorten slightly, and their width exceeds 
their depth. The proximal caudal centra have single pleurocoels 
that are positioned close to the base of the neural arch. The 
number of pleurocoelous caudals varies between 11 and 18 
depending on the genus, the species, and sometimes the indi- 
vidual. Along the ventral surfaces of all but the first proximal 
centra are wide, shallow grooves. The caudal prezygapophyses 
are short and extend cranially for less than half of the length of 
the preceding centrum. There are no hyposphene-hypantrum 
articulations even in the most proximal caudals. The transverse 
processes are long mediolaterally but gradually decrease in more 
distal caudals. The transition point is not obvious, and almost 
to the end of the caudal series the low ridges on the sides of 
the centra may still represent the processes. The caudal neural 
spines are well developed but shallower and axially shorter than 
the dorsal spines. They may be triangular or quadrangular in the 
lateral view and incline backward or be almost vertical. Behind 


the midlength of the tail the spines gradually decrease in height 
but remain distinguishable. Toward the end of the tail they be- 
come low ridges, and they entirely disappear in the last caudals. 
The tail is shortest in Caudipteryx (fig. 8.2F) and Nomingia, which 
have 22 and 24 caudals, respectively; the last 4 are fused into a 
daggerlike pygostyle in Nomingia (fig. 8.2E). 

The atlantal rib was probably absent. Judging from the pres- 
ence of the parapophysis on the axial centrum and the lack of a 
diapophysis on the neural arch, a single-headed rib attached to 
the axis; however, it has not yet been found. The cervical ribs are 
basically the same in the entire cervical series. Each rib has a 
short, blunt cranial process that extends slightly beyond the cer- 
vical centrum and a distally tapering, costal process that is no 
longer than the corresponding centrum. The capitulum is sessile 
in most of the cervical ribs, whereas the tuberculum is set on a 
process that gradually elongates in the more caudal cervicals. 
The more caudal cervical ribs are firmly attached to the verte- 
brae, although sutures are generally distinct. The firm junction 
of the ribs with vertebrae results in the formation of the costal 
canal for the vertebral artery, which is especially obvious in 
Avimimus (Kurzanov 1987), in which the ribs fuse with the cervi- 
cals. As indicated by Clark et al. (1999), the dorsal ribs in ovi- 
raptorids differ from those found in other theropods, except 
dromaeosaurids, by a single ossified ventral rib segment in the 
first four dorsal ribs. The ventral segments of the first three of 
these ribs articulate with the costal margin of the sternum. These 
authors also reported wide, ossified uncinate processes associ- 
ated with at least four cranial dorsal ribs. These processes differ 
from the narrow uncinate processes found in Velociraptor (Paul 
1988). Uncinate processes have also been reported in Caudipteryx 
(Zhou et al. 2000). The cuirass of gastralia does not essentially dif- 
fer from that in Dromaeosauridae (Norell and Makovicky 1997). 

The chevrons vary in shape and size among oviraptorosaur 
genera. In Ingenia they are slender and vertically elongate along 
more than the proximal half of the entire caudal series. In the 
unnamed Zamyn Khondt oviraptorine only the proximal 
chevrons are deeper than long, but more distal ones decrease in 
depth as they expand proximodistally, becoming a low pair of 
ridges at the end of the tail. In Nomingia the chevrons along 
most of the tail length are dorsoventrally elongate, but in con- 
trast to the chevrons in Ingenia they are massive. 
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The paired sternals of oviraptorids contact on the midline but 
rarely fuse to form a sagittally elongate sternum. The cranio- 
dorsal edge of each sternal plate is oblique and has a wide trans- 
verse groove into which fits the coracoid. On the lateral edge 
there are two processes separated by a deep embayment. The 
cranial of the processes is continuous with the cranial margin 
of the sternal plate and may be homologous to the craniolateral 
process of birds. The caudal process is comparable to the avian 
lateral xiphoid process (Clark et al. 1999). At the contact of the 
sternal plates is a deep, V-shaped craniodorsal incision. The ster- 
nal plates are oval and separate in Caudipteryx, and as preserved 
they lack sternal processes. The thick oviraptorid clavicles are 
fused into a U-shaped furcula. The furcula (fig. 8.21) is thickest 
along the line of fusion, where it extends caudoventrally in a 
spinelike hypocleideum, which may be long in some individu- 
als (Clark et al. 1999). Distally each half of the furcula thins and 
twists slightly into a thin, dorsoventrally flat epicleideum. 

The complete appendicular skeleton is known in ovi- 
raptorids, Avimimus, and Caudipteryx, while only the coracoid, 
an incomplete manus, the pelvis, and an incomplete hindlimb 


are preserved in caenagnathids. In Nomingia the pectoral girdle, 
forelimb, and pes have not been found. 

In oviraptorosaurs the scapula and coracoid are either fused 
or strongly attached to each other. The scapula is narrow and has 
an expanded distal end. It is exceptional among theropods in 
having a laterally everted acromion (fig. 8.2G, H). The acromion 
provides a flat, dorsally facing surface that contacts the epi- 
cleideum of the furcula. The acromion is especially massive in 
Avimimus, and it is ventrolaterally supported by a strong crest. 
It may be absent in Caudipteryx (Zhou et al. 2000). The glenoid 
faces caudoventrally. The coracoid is large, and in Avimimus and 
oviraptorids it contacts the scapula at an angle of about 160°. 
In Caudipteryx the scapula and coracoid form an angle of about 
90°. The coracoid has a long caudoventral process that extends 
below the glenoid and is almost twice as long as the diameter of 
the glenoid. The biceps tubercle is prominent. The coracoid 
foramen is large, dorsomedial to the tubercle. The coracoid in 
Chirostenotes was less tightly connected to the scapula. In ovi- 
raptorids the coracoid has a powerful biceps tubercle, but its 
caudoventral process is shorter. 

The forelimb length is 40%-65% of the hindlimb length 
and 55%-70% of the length of the presacral column. The arm is 
shortest in Avimimus, Caudipteryx (fig. 8.2F), and Ingenia (fig. 
8.3A-E). The humerus is weakly twisted in oviraptorids and has 
a well-developed deltopectoral crest whose apex is proximal or 
close to the midlength of the shaft, depending on the taxon 
(figs. 8.3A, B; 8.4F). The internal tuberosity expands medially 
but not much longitudinally. The distal end is well expanded 
and has pronounced rounded condyles. The medial epicondyle 
is reduced, but the lateral epicondyle is well developed. The 
olecranon fossa is shallow. In Caudipteryx the deltopectoral crest 
is low and proximally placed. In Avimimus the humerus is most 
peculiar: It is more twisted than in other oviraptorosaurs and is 
strongly bent backward along its proximal half. The shaft is slen- 
der, and the deltopectoral crest is poorly developed. The distal 
condyles are well developed and face mostly cranially. The 
medial epicondyle is developed and turned cranially, and the 
supracondylar crest is developed laterodistally. 

The ulna is bowed, convex caudally, and has a poorly de- 
veloped olecranon. It is straight in Ingenia (fig. 8.3C). The artic- 
ular surface for the humerus is subtriangular and divided by a 
low crest into two cotyles. The radius constitutes 70%-90% of 
humerus length, and its shaft is only slightly thinner than the 
ulnar shaft. It is longer than the ulna at least in some ovi- 
raptorids and extends distally beyond the ulna in the articulated 
antebrachium. The carpus usually is not completely preserved 
but was composed at least of three carpals, as in Archaeopteryx 
(Ostrom 1976a:fig. 10a) and Caudipteryx (Ji et al. 1998). The large, 
semilunate distal carpal has a transverse proximal trochlea and 
tightly attaches to metacarpals I and II (fig. 8.3E). A smaller, 
rounded carpal more than half the size of the semilunate one is 
preserved at the distal end of the radius in some individuals and 
laterally within the trochlea of the semilunate carpal in others. 
Another carpal is preserved in Ingenia and Caudipteryx. In Ingenia 
it is attached to the proximal end of the third metacarpal, while 
in Caudipteryx it is located below the ulna. This carpal is less 
than one-third of the size of the semilunate bone. It was 
interpreted by Zhou et al. (2000) as the ulnare in Caudipteryx. 

The manus is tridactyl in oviraptorosaurs, with a strong first 
digit and a thin, straight third digit. However, there is a marked 
tendency to reductions within the third digit. For example, in 
Ingenia the phalanges shorten and often fuse with each other, 
whereas in Caudipteryx the third digit has only two phalanges. 
The manus is longest along the second digit and constitutes 
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FIGURE 8.3. Appendicular skeleton of Ingenia yanshini: A, B, right humerus in A, caudal, and B, cranial views; 

C, right ulna in cranial view; D, right radius in lateral view; E, right manus in dorsal view; F, right pelvis in lateral 
view; G, H, right femur in G, cranial, and H, lateral views; I, J, right crus, I, with proximal tarsals in extensor 
view, and J, in lateral view; K, right pes in extensor view; L, right metatarsus in flexor view. Scale = 5 cm. (After 


Barsbold et al. 1990.) 


40%-80% of the pes length. Metacarpal I is half (or slightly 
more) as long as metacarpal II in caenagnathoids, or less than 
that in Caudipteryx. Metacarpal II is longer than metacarpal III; 
however, in the articulated manus of Ingenia and the unnamed 
Zamyn Khondt oviraptorine both of these metacarpals end dis- 
tally at the same level because the proximal end of metacarpal 
III begins slightly below the end of metacarpal II. In oviraptorids 
metacarpal III contacts metacarpal II close to its palmar edge. 
Manual unguals are narrowly oval in cross section, usually with 
a proximodorsal lip and a strongly developed flexor tuber. In the 
unnamed Zamyn Khondt oviraptorine the length of the manus 
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is almost equal to that of the femur, whereas it is 60% of that 
length in Caudipteryx and less than 50% in Ingenia. 

The pelvis is dolichoiliac in oviraptorosaurs, and the pre-and 
postacetabular processes of the ilium slope dorsomedially to 
converge but do not meet. The pelvic elements do not fuse in 
oviraptorosaurs, except in Avimimus, in which the acetabulum 
is extremely massive and sutures between the bones are almost 
invisible. 

The shape of the ilium is variable (figs. 8.2F, 8.4A-C). The 
pre- and postacetabular processes are equally long in most ovi- 
raptorids, but the preacetabular process is longer in Chirostenotes 


FIGURE 8.4. A, Nomingia gobiensis, pelvis in left lateral view. B, Avimimus portentosus, pelvis in right lat- 
eral view. C, Rinchenia mongoliensis, right ilium in lateral view. D, E, Conchoraptor gracilis: D, metacarpals 
and digits of right manus in lateral view; E, right metatarsus in extensor view. F-I, unnamed Zamyn 
Khondt oviraptorine: F, left humerus in lateral view; G, left manus in dorsal view; H, I, left tarsometa- 
tarsus in H, extensor, and I, flexor views. Scale = 5 cm. (A after Barsbold et al. 2000b; B after Kurzanov 
1987; C, F-I, after Barsbold et al. 1990; D after Barsbold 1986; E after Barsbold 1983a.) 


and Nomingia. The cranial part of the preacetabular process is 
only moderately expanded cranioventrally and usually has a 
rounded cranioventral margin in oviraptorosaurs. The excep- 
tions are Rinchenia and Caudipteryx, in which the preacetabular 
process develops a long cranioventral process that extends ven- 
trally to the level of the pubic peduncle. This process is sharply 
pointed in Rinchenia but rounded in Caudipteryx. In most ovi- 
raptorosaurs the end of the postacetabular process is broadly 


rounded or square. In Caudipteryx, Oviraptor, and Rinchenia the 
postacetabular process narrows caudally and is about half as 
deep as the preacetabular process, while it is only slightly shal- 
lower or subequal in depth in Ingenia, Conchoraptor, and Nomin- 
gia. The postacetabular process is distinctly longer than the 
preacetabular blade in Avimimus. The pubic peduncle is as deep 
as the ischial peduncle in all oviraptorosaurs, but in Caudipteryx 
the reverse is true. It is also wider craniocaudally than the ischial 
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peduncle, except in Rinchenia, Ingenia, and Conchoraptor, in 
which both peduncles are equal in length and narrow. An anti- 
trochanter is found in Avimimus and oviraptorids, but there is 
no supracetabular crest. The cuppedicus fossa is absent in most 
oviraptorids, but in some the proximal portion of the ventral 
preacetabular margin is wide and flat and might serve as the 
origin for the cuppedicus muscle. Caudipteryx and Nomingia 
have a shallow fossa resembling that of Velociraptor (Norell and 
Makovicky 1999). The brevis fossa is short in Rinchenia and 
Nomingia but is elongate, narrow, and weakly concave in other 
caenagnathoids. The pubis is oriented vertically (the mesopubic 
state of Rasskin-Gutman [1997]) or subvertically in oviraptorids, 
Caudipteryx, Chirostenotes, and Nomingia. Its shaft is usually at 
least weakly concave cranially (fig. 8.3F), but in Chirostenotes 
and Nomingia the pubic shaft is almost straight. The pubic 
apron is transversely narrow, joined with its fellow, and re- 
stricted to the medial part of the shaft. The pubic boot has a well- 
developed cranial process and a caudal process of variable 
length. The latter is almost lacking in some taxa and long in 
others, based at least partially on ontogeny. The ischium, which 
is shaped like the ischium in maniraptorans, has a medially po- 
sitioned, triangular obturator process that is larger in Caudipteryx 
(fig. 8.2F) than in other oviraptorosaurs. The shaft of the is- 
chium is concave caudally in oviraptorids (fig. 8.3F), but in Chiro- 
stenotes and Nomingia it curves strongly backward (fig. 8.4A). 
The thin ventral edges of the opposite obturator processes con- 
tact one another in Conchoraptor, and an ischial symphysis has 
been reported by Clark et al. (1999) in Citipati. 

The femur is approximately as long as the ilium in ovi- 
raptorids and forms about 30% of the total hindlimb length. It 
is slightly bowed and concave caudally in lateral view (fig. 8.3G, 
H). The femoral neck is directed dorsomedially at an angle of 
100°-120° to the shaft. The greater trochanter is massive, ex- 
tends craniocaudally, and is separated from the femoral head. 
The cranial trochanter is fingerlike and level with the greater 
trochanter. It closely adheres to the greater trochanter but is 
separated from it by a distinct furrow that opens dorsally. The 
fourth trochanter is not developed (contra Barsbold et al. 1990). 
The distal femoral condyles are well separated, and the lateral 
one extends well below the medial. Caudally a deep fossa sepa- 
rates the well-developed tibiofibular crest from the large caudal 
surface of the medial condyle. There is no craniomedial adduc- 
tor muscle scar on the distal end of the femur, but in some 
genera there is a shallow concavity in this position. The cranio- 
medial crest, generally associated in theropods with the adduc- 
tor muscle scar, is only exceptionally found in oviraptorids, but 
it never medially bounds any muscle scar. In distal view the 
tibiofibular crest projects caudally beyond the caudal boundary 
of the medial condyle. The medial epicondyle is usually in- 
distinct, but the lateral epicondyle is pronounced in some ovi- 
raptorid genera. In Caudipteryx the femur is almost 50% longer 
than the ilium, and the cranial trochanter ends below the 
greater trochanter. In Avimimus the cranial trochanter is large, 
thick, and separated from the greater trochanter by a wide slit, 
but it bends proximally toward the greater trochanter. 

The tibia is 15%-25% longer than the femur in oviraptoro- 
saurs (fig. 8.31, J). In oviraptorids a strong cnemial crest consti- 
tutes half of the entire craniocaudal length of the proximal sur- 
face of the tibia. At the distal end the tibia braces the calcaneum 
caudally. 

The fibula is thin and closely appressed to the tibia along its 
distal half. The fibula is curved in Avimimus and thins signifi- 
cantly distally. It fuses with the tibia close to the contact with 
the calcaneum. The fibular head is weakly concave medially in 
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most oviraptorosaurs, but there is a deep fossa medially in 
Avimimus. The fibular tubercle is directed laterally, and its ru- 
gose surface faces cranially. 

The proximal tarsals are not fused but are tightly applied to 
each other and to the tibia. The contact between the calcaneum 
and fibula is less close, and the two bones are separated by a 
narrow space in some individuals. The ascending process of the 
astragalus is moderately tall, extending about one-quarter of 
the length of the tibia in oviraptorids. There is no furrow along 
the base of the ascending process; instead there is a well-marked 
central depression. The thin calcaneum slightly invades the 
lateral surface of the astragalus, but there is no distinct medial 
tuber on the calcaneum. 

The two flattened, wedgelike distal tarsals are deeper at the 
plantar edge. These tarsals are fused with the metatarsus in Avim- 
imus, and the caudolateral corner of the fourth tarsal is up- 
turned and projects proximally. 

The oviraptorosaur pes constitutes 30%-35% of the total 
length of the hindlimb, and the metatarsus makes up about 17% 
of this length (figs. 8.2F; 8.3K, L; 8.4E, H, I). Oviraptorids and 
Caudipteryx lack the arctometatarsalian condition that is known 
in caenagnathids and Avimimus. In the latter, metatarsals H-V 
are proximally fused. Metatarsal I is reduced, with its head point- 
ing medially, and is placed distally on the medial surface of 
metatarsal II. It has not been found in Avimimus. In Caudipteryx 
the hallux is at least partly reversed. The midshaft of metatarsal 
III is mediolaterally compressed in Caudipteryx, but it is neither 
pinched proximally nor obscured from view cranially. None of 
the distal articular heads of the metatarsals is ginglymoid. 
Metatarsal IV is slightly longer than metatarsal I, but in Avim- 
imus they are equal in length and slightly shorter than meta- 
tarsal III. Metatarsal V is a thin splint of bone. It is often long, 
reaching almost to the midlength of metatarsal IV. The slightly 
curved pedal unguals are subtriangular in section. 


Systematics and Evolution 


The first described representative of Oviraptorosauria, Oviraptor 
philoceratops, was originally assigned to Ornithomimidae because 
of its edentulous jaws (Osborn 1924a). Romer (1956, 1966) and 
Steel (1970) also considered Oviraptor an ornithomimid. This 
assignment was, however, questioned by Russell (1972), who 
excluded Oviraptor from Ornithomimidae. Based on the struc- 
tural resemblance between the mandible of Oviraptor and those 
described as bird mandibles (Caenagnathus collinsi and C. stern- 
bergi) by R. M. Sternberg (1940) and Cracraft (1971), respectively, 
OsmOlska (1976) assigned Oviraptor to Caenagnathidae, placing 
this clade within Theropoda. The avian status of Caenagnathi- 
dae had been questioned before: Wetmore (1960) listed several 
characters supporting a reptilian relationship of Caenagnathi- 
dae, and Romer (1956) and Steel (1970) regarded caenagnathids 
as possible coelurosaurs. 

Barsbold (1976a) referred Oviraptor to his new group, Ovi- 
raptoridae, later (1976b) erecting Oviraptorosauria for Oviraptori- 
dae and subsequently (1981) also including Caenagnathidae 
in that larger clade. At that time the phylogenetic position of 
Oviraptorosauria within Coelurosauria was unclear because of 
insufficient knowledge of oviraptorosaurian anatomy. Gauthier 
(1986) included Oviraptorosauria in Maniraptora, together 
with Deinonychosauria, Avialae, and a few other poorly known 
coelurosaurian genera. Russell and Dong (1993a) considered 
Maniraptora a polyphyletic assemblage and placed oviraptoro- 
saurs together with ornithomimids, therizinosauroids, and 


troodontids in a group they referred to as Oviraptorosauria. Sues 
(1997) critically reviewed the earlier opinions on the phylo- 
genetic relationships of oviraptorosaurs and was the first to give 
the synapomorphy-based diagnosis of this group. Sereno (1997, 
1998) considered Oviraptorosauria a member of Maniraptora 
and the sister taxon to his Paraves (Deinonychosauria + Aves). 
In their cladograms Sues (1997) and Makovicky and Sues (1998) 
placed Oviraptorosauria as the sister group to Therizino- 
sauroidea. Sereno (1999b) regarded Caudipteryx as a basal ovi- 
raptorosaur, and he introduced the name Caenagnathoidea to 
cover the clade containing Caenagnathidae plus Oviraptoridae. 
The assignment of Caudipteryx to Oviraptorosauria has been 
supported by the phylogenetic analysis of Maryanska et al. 
(2002), who also included Avimimus in this clade. Avimimus and 
Caudipteryx have also been considered oviraptorosaurs by Xu 
et al. (2002c). 

Based on some avianlike features of the palate and jaws, 
Elzanowski (1999) argued that oviraptorosaurs, together with 
ornithomimosaurs and therizinosauroids, were phylogeneti- 
cally closer to birds than were other coelurosaurians. His hy- 
pothesis differed from all phylogenetic analyses published thus 
far, which considered Deinonychosauria as the sister taxon to 
Avialae. Elzanowski’s conclusion has been partly confirmed by 
the phylogenetic hypothesis of Maryanska et al. (2002), which 
postulated an avialan status for Oviraptorosauria. 

The definitional status of Oviraptorosauria is confused. The 
first definitions of this clade were those published by Padian et 
al. (1997)—all taxa closer to Oviraptor than to Aves—and Currie 
and Padian (in Barsbold 1997)—Oviraptoridae and all taxa closer 
to Oviraptor than to birds. The two definitions are practically the 
same, both treating oviraptorosaurs as a stem-based taxon. The 
next definition of Oviraptorosauria, by Sereno (1998), is consis- 
tent with the two earlier definitions, although it has been more 
precisely formulated as “all maniraptorans closer to Oviraptor 
than to Neornithes.” However, in the following year Padian et al. 
(1999) changed the definition of the clade and endorsed the more 
conservative usage of Oviraptorosauria as a node-based taxon: 
“Oviraptor and Chirostenotes (= Caenagnathus) and all descen- 
dants of their most recent common ancestor.” In this respect 
Padian et al. followed Sues (1997), who, according to Barsbold’s 
presumed original intention, treated Caenagnathidae and 
Oviraptoridae as the single taxon Oviraptorosauria but did not 
define it phylogenetically. In this chapter the stem-based defi- 
nition of Sereno (1998) is used. 

The phylogenetic analysis described here was based on a data 
matrix documenting distribution of the character states of 161 
(72 cranial, 25 mandibular, 3 dental, 61 postcranial) characters 
scored for 12 species. The list of characters considered in this 
analysis were compiled mostly from earlier studies (Gauthier 
1986; Russell and Dong 1993a; Holtz 1994; Chiappe et al. 1996; 
Novas 1996b; Sues 1997; Forster et al. 1998; Makovicky and Sues 
1998; Sereno 1999a; Maryanska et al. 2002; Xu et al. 2002c), 
some new characters being added. All characters were assumed 
to be of equal weight, and multistate characters were treated as 
unordered. 

We selected Herrerasaurus ischigualastensis, Velociraptor mon- 
goliensis, and Archaeopteryx lithographica as outgroup taxa, root- 
ing with Herrerasaurus. Velociraptor and Archaeopteryx are hy- 
pothesized as close relatives of Oviraptorosauria in the recent 
phylogenetic analysis by Maryanska et al. (2002), which also 
found Archaeopteryx to be more closely related to Oviraptoro- 
sauria than is Velociraptor. Avimimus portentosus, Caudipteryx zoui, 
Chirostenotes pergracilis, Rinchenia mongoliensis, Conchoraptor 
gracilis, Ingenia yanshini, Citipati osmolskae, Khaan mckennai, and 


the unnamed Zamyn Khondt oviraptorine have been assigned to 
the ingroup. Oviraptor philoceratops, Microvenator celer, and Nomin- 
gia gobiensis have been excluded from the final analysis because 
of a large amount of missing data and/or inadequate preserva- 
tion. However, we accept the opinion of Maryanska et al. (2002) 
that these species should be assigned within Oviraptorosauria, 
and Oviraptor, the nominative genus of this clade, is applied in 
the appropriate definitions below. Description of another ovi- 
raptorosaut, Incisivosaurus gauthieri, was published too late to be 
included in this analysis. However, its basal position within 
Oviraptorosauria (suggested by Xu et al. 2002c) is possible. 

The maximum parsimony branch-and-bound search was 
conducted using PAUP*4.0b8 for Macintosh (PPC) (Swofford 
1998). The data were run under delayed (DELTRAN) and accel- 
erated (ACCTRAN) transformation optimizations (Swofford 
and Maddison 1987, 1992). The analysis generated three equally 
most parsimonious cladograms (tree length = 275, CI, exclud- 
ing uninformative characters, = 0.689; RI = 0.709; RCI = 0.495). 
The strict consensus tree indicates two polytomies. One is at the 
level of the monophyletic Oviraptorosauria (which includes 
Avimimus and Caudipteryx + Caenagnathoidea) and suggests al- 
ternatively Avimimus or Caudipteryx as a basal member of Ovi- 
raptorosauria and a sister taxon to Caenagnathoidea. The sec- 
ond polytomy occurs within Oviraptoridae and concerns the 
clade Ingeniinae. Our diagnoses of the clades are based on 
the preferred cladogram (fig. 8.5), which indicates Avimimus 
as the most basal oviraptorosaur and the sister taxon to the 
unnamed clade A (see below). This arrangement has been sug- 
gested in two of the three equally most parsimonious trees. Con- 
sequently, not all synapomorphies listed below for Oviraptoro- 
sauria and the unnamed clade A can be considered unambiguous. 
All synapomorphies reported below are postulated under 
DELTRAN optimization; those also recognized under ACCTRAN 
optimization appear in boldface; reversals are preceded by a 
minus sign; for most clades only synapomorphies with a Cl 
value of 1 have been considered. 

Oviraptorosauria is diagnosed by the following unambigu- 
ous synapomorphies: the parietal at least as long as the frontal 
(27[1]); the ascending process of the quadratojugal bordering 
more than three-quarters of the infratemporal fenestra (40[1]); 
the mandibular symphysis U-shaped (76[1]); dentary teeth ab- 
sent (99[1]); the cranial process on the pubic foot longer than 
the caudal process (147[2]); and the tomial margin of the pre- 
maxilla crenulated (161[1]). The character states listed above re- 
main unequivocal oviraptorosaur synapomorphies irrespec- 
tive of whether the topology accepted here, with Avimimus as 
the most basal oviraptorosaur, or the topology pointing to 
Caudipteryx as the most basal member of the clade is preferred. 
The following character states are here considered as ambiguous 
oviraptorosaur synapomorphies: the paroccipital process ven- 
trally directed (51[1]); the foramen magnum larger than the 
occipital condyle (52[1]); the basipterygoid processes strongly 
reduced (55[1]); a coronoid eminence (88[1]); the shafts of the 
cervical ribs not longer than the corresponding centra (105[1]); 
the acromion laterally everted (120[2]); the fibular condyle 
on the femur projecting distally beyond the level of the tibial 
condyle (154[1]); and the ascending process of the astragalus 
taller than wide across its base (155[1]). 

Unnamed taxon A, defined as all oviraptorsaurs closer to 
Caudipteryx zoui than to Avimimus portentosus, is diagnosed by 
the following synapomorphies: the ratio of the preorbital length 
to the basal skull length 0.5 or less (1[1]); the ratio of the lateral 
length of maxilla to the basal skull length about 0.3 (9[1]); the 
antorbital fossa bordered rostrally by the premaxilla (14[1]); a 
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FIGURE 8.5. Preferred cladogram illustrating phylogenetic relationships within Oviraptorosauria: 1, Oviraptoro- 
sauria; 2, unnamed clade A; 3, Caenagnathoidea; 4, Oviraptoridae; 5, Oviraptorinae; 6, Ingeniinae. 


cotylelike incision on the ventrolateral margin of the squamosal 
(33[1]); the ascending process of the quadratojugal bordering 
the ventral two-thirds, or more, of the infratemporal fenestra 
(40[1]); the ratio of the length of the external mandibular fen- 
estra to total mandibular length 0.25 or more (80[2]); the caudo- 
ventral process of the dentary extending caudally at least to the 
caudal border of the external mandibular fenestra (87[1]); the 
straplike, shallow splenial not approaching the dorsal man- 
dibular margin (94[1]); and maxillary teeth absent (98[2]). 

Caenagnathoidea is a clade of oviraptorosaurs originally 
named Oviraptoroidea (Sereno 1999a) but later replaced by its 
current name (Sereno 1999b) in accordance with the ICZN rules. 
Defined by Sereno (1999a) as Oviraptor, Caenagnathus, their most 
recent common ancestor, and all descendants, it was later 
defined by Maryanska et al. (2002) as the least inclusive clade 
containing Oviraptor philoceratops and Caenagnathus collinsi. This 
clade is diagnosed by the following unambiguous synapo- 
morphies: the palatal shelf of the maxilla having two longitudi- 
nal ridges and a toothlike ventral process (11[1]); a depression in 
the periotic region (57[1]); the jaw joint close to the midline of 
the skull (71[1]); a mandibular symphysis with an extended sym- 
physeal shelf (74[1]); the mandibular rami bowed at midlength 
in dorsal view (83[1]); the rostrodorsal margin of the dentary 
concave (84[1]); the mandibular articular facet for the quadrate 
composed exclusively of the articular (90[1]); the mandibular ar- 
ticular facet for the quadrate convex in lateral view and trans- 
versely wide (91[1]); the articular facet for the quadrate elevated 
above the level of the adjoining part of the mandibular ramus 
(92[1]); the rostral part of the prearticular shallow, straplike, and 
not approaching the dorsal mandibular margin (93[1]); the 
mandibular adductor fossa rostrally and dorsally extended, not 
delimited rostrally (95[1]); the sacral centra having pleurocoels 
(110[1]), and the caudal centra having pleurocoels (113[1]). 

Two subclades, Caenagnathidae and Oviraptoridae, are 
nested within Caenagnathoidea. Caenagnathidae is insufficiently 
known, being based mostly on isolated fragments of skeletons of 
the species included (see Sues 1997; and also below), and only 
about 40% of the characters used for this analysis could be coded 
for caenagnathids. In contrast, documentation on most other 
oviraptorid species included in the analysis is about 100%. For 
that reason, information on caenagnathids is once more avail- 
able; some of the putative oviraptorid synapomorphies listed 
below may be diagnostic of a more inclusive oviraptorosaur 
clade (e.g., Caenagnathoidea). 

Caenagnathidae was defined by Sues (1997) as including 
Chirostenotes pergracilis, Chirostenotes elegans, Elmisaurus rarus, 
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Caenagnathasia martinsoni, and the most recent common ances- 
tor of the aforementioned taxa. In our opinion, evidence quoted 
by Sues in favor of the assignment of E. rarus to Caenagnathidae 
is not convincing (Maryanska et al. 2002). Following Sereno 
(1998), Maryanska et al. (2002) considered Caenagnathidae to 
be a stem-based taxon and accepted Sereno’s definition (in an 
emended form) of it as the most inclusive clade containing 
Caenagnathus collinsi but not Oviraptor philoceratops. 

The phylogenetic analysis of Maryanska et al. (2002) recog- 
nized Nomingia gobiensis, a poorly known Mongolian oviraptoro- 
saur, as a possible caenagnathid. However, up to now Chiroste- 
notes pergracilis (sensu Sues 1997) is the best-known, although 
still incompletely known, caenagnathid. For this reason, the 
character states included in the matrix could be scored only for 
this species. 

Caenagnathidae may be diagnosed by one unambiguous 
synapomorphy, which is the fused mandibular symphysis 
(73[2]). In addition to Chirostenotes pergracilis, this character 
state also characterizes Caenagnathasia martinsoni and Chiro- 
stenotes elegans (Sues 1997), the only other caenagnathid species 
in which a mandible is known. Among character states with a 
CI of 0.5 or less but indicated as caenagnathid synapomorphies 
under both DELTRAN and ACCTRAN optimizations, we con- 
sider five to have an ambiguous status at present: the absence of 
the accessory maxillary fenestrae (-15[0]); modestly pronounced 
basal tubera (-53[0]); a short caudoventral process of the cora- 
coid (-121[0]); the preacetabular process of the ilium longer 
than the postacetabular process (137[1]); and the presence of 
the arctometatarsal foot (158[1]). The preacetabular process is 
longer than the postacetabular process in C. pergracilis (Currie 
et Russell 1988) and in the putative caenagnathid Nomingia gob- 
iensis. These proportions of the iliac processes are also found in 
Archaeopteryx lithographica. The presence of the arctometatarsal 
foot was one of the caenagnathid synapomorphies listed in 
Sues’s (1997) diagnosis of that clade. It also occurs convergently 
in Avimimus portentosus. 

Oviraptoridae was defined by Sereno (1999a) as all ovi- 
raptorosaurs closer to Oviraptor than to Caenagnathus, and it was 
subsequently defined by Maryanska et al. (2002) as the most in- 
clusive clade containing Oviraptor philoceratops but not Caenag- 
nathus collinsi. This clade is diagnosed by numerous synapo- 
morphies: the ratio of the width of the snout to its length 
0.3-0.4 (3[1]); the ratio of the length of the tomial edge of the 
premaxilla to the height of the premaxilla below the naris 0.7 or 
less (4[2]); the premaxilla pneumatized (8[1]); the subantorbital 
portion of the maxilla inset medially (10[1]); the ventral margin 


of the maxilla sloping rostroventrally, its longitudinal axis at an 
angle of about 120° to the longitudinal axis of the jugal (12[1]); 
the nasals fused (17[1]); the external naris overlapping most of 
antorbital fossa rostrodorsally (21[2]); the medial part of the 
lacrimal shaft projecting laterally to form a flattened transverse 
bar in front of the eye (24[1]); the bones of the skull roof pneu- 
matized (28[1]); the infratemporal fenestra large, subquadrate, 
its rostrocaudal length comparable to its orbital length (31[1]); 
the otic process of the quadrate articulating with the squamosal 
and the lateral wall of the braincase (44[1]); the quadrate pneu- 
matized (45[1]); the presence of an accessory lateral process on 
the distal end of the quadrate for articulation with the quadrato- 
jugal (46[1]); the presence of a lateral cotyle on the quadrate for 
the quadratojugal (47[1]); the nuchal transverse crest not pro- 
nounced (49[1]); the basisphenoid extensively pneumatized 
(54[1]); the basipterygoid processes absent (55[2]); the para- 
sphenoid rostrum sloping rostroventrally (56[1]); the periotic 
region extensively pneumatized (58[1]); the quadrate ramus of 
the pterygoid overlapping the braincase laterally (59[1]); the 
pterygoid having a basal process for contact with the basi- 
sphenoid (60[1]); the ectopterygoid placed rostrally to the 
pterygoid (61[1]); the ectopterygoid contacting the maxilla and 
the lacrimal (62[1]); the ectopterygoid elongate, shaped like a 
Viking ship, without a lateral hooklike process (63[1]); the ptery- 
goid and ectopterygoid forming a massive longitudinal bar 
(64[1]); the palate extending below the cheek margin (65[1]); the 
palatines developed in the horizontal, vertical, and transverse 
planes perpendicular to each other (66[2]); the pterygoid ramus 
of the palatine situated ventral to the pterygoid (67[1]); the 
vomer approaching or in contact with the parasphenoid rostrum 
(69[1]); the suborbital fenestra closed or reduced (70[1]); the 
mandibular symphysis tightly sutured (73[1]); the ratio of the 
maximum height of the mandible to the mandibular length 
0.3-0.4 (78[2]); the ratio of the height of the external mandibu- 
lar fenestra to the length of the fenestra 0.7-1.0 (79[1]); pre- 
maxillary teeth absent (97[1]); the centra of the cranial cervicals 
extending caudally beyond the corresponding neural arches 
(102[1]); the combined length of manual phalanges III-1 and III- 
2 less than or equal to the length of phalanx III-3 (127[0]); the dor- 
sal margins of opposite iliac processes close to or contacting each 
other along their medial sections (135[1]); the pubic shaft con- 
cave cranially (146[1]); and the adductor fossa and the associated 
craniomedial crest on the distal femur well developed (153[1]). 

According to this analysis, two subclades—Oviraptorinae 
and Ingeniinae—are nested within Oviraptoridae, supporting 
Barsbold’s (1981) earlier subdivision of Oviraptoridae into two 
monophyletic taxa. Oviraptorinae is here defined as Oviraptor 
philoceratops, Citipati osmolskae, their most recent common an- 
cestor, and all descendants. Four synapomorphies support this 
clade: the pneumatized crestlike prominence along the skull roof 
(2[1]); the rostroventral margin of the premaxilla inclined 
rostrodorsally relative to the horizontally positioned jugal 
(5[2]); the premaxilla projecting slightly ventrally below the 
ventrolateral margin of the maxilla (6[1]); and the postorbital 
process of the jugal perpendicular to the ventral ramus of the 
jugal (36[1]). In addition to Oviraptor philoceratops, Oviraptori- 
nae includes Rinchenia mongoliensis, Citipati osmolskae, and the 
unnamed Zamyn Khondt oviraptorine. 

Ingeniinae is here defined as Conchoraptor gracilis, Ingenia 
yanshini, their most recent common ancestor, and all descen- 
dants. None of the character states postulated by this analysis 
achieves a CI value equal to 1.0. However, three of these char- 
acter states have been recognized under both DELTRAN and 
ACCTRAN optimizations, and we have arbitrary chosen these 


states as putative ingeniine synapomorphies: the synsacrum in- 
cluding seven to eight vertebrae (108[2]); the deltopectoral crest 
extending for about 40%-50% of the proximal length of humerus 
(124[1]); and the truncated distal end of the postacetabular 
process of the ilium (-141[0]). Ingeniinae include three species: 
I. yanshini, C. gracilis, and Khaan mckennai. Mutual relationships 
between these species could not be resolved by this analysis. 

With these higher-level relationships established, we now 
turn to the individual oviraptorosaurian genera. 

Avimimus is known from incomplete skull and skeletal mate- 
rial (Kurzanov 1981). The premaxilla bears teeth; the bones of 
the caudal part of the skull are entirely fused, and the parieto- 
frontal part of the skull roof is convex; the posttemporal part of 
the skull is strongly shortened; the infratemporal fenestra is 
confluent with the orbit due to the absence of the postorbital 
process of the jugal. The neck is long and includes at least 12 ver- 
tebrae; the cervical ribs are fused with the vertebrae; the syn- 
sacrum includes 7 vertebrae; the scapula has a laterally everted 
acromion; the length of the forelimb (excluding the manus) is 
equal to about a third of that of the hindlimb; the manus is in- 
complete, but metacarpals I-III are fused with one another and 
with the distal carpals; along its medial part the ilium is strongly 
inclined dorsomedially; the preacetabular process entirely lacks 
the cranioventral process and is shorter than the postacetabular 
process; the tibiotarsus is about 30% longer than the femur; the 
foot is arctometatarsal, with metatarsals I-IV fused proximally 
with each other and with the distal carpals; and the caudolateral 
corner of the fourth tarsal is upturned. 

Caudipteryx has a short skull due to shortening of the ant- 
orbital region (Ji et al. 1998). The premaxilla is short with a 
convex dorsomedial margin and short nasal and maxillary 
processes. There are four long, thin, recurved premaxillary 
teeth, which are constricted at the base. The narial opening is 
large and elliptical; the nasals are separate, short, and wide. The 
mandibular symphysis is unfused, and the external mandibular 
fenestra is long and undivided. There are 12 cervicals, 9 dorsals, 
and 22 caudals. The scapula and coracoid join at an angle of 
about 90°. The forelimb is slender and less than half as long as 
the hindlimb. The manus has 3 metacarpals, the length of 
metacarpal I being only about 40% of the length of metacarpal 
II; the third digit is thin, includes only two phalanges, and lacks 
the ungual. The manual unguals are curved. The ilium has a 
straight dorsal margin, and its preacetabular process is distinctly 
longer than the postacetabular. The cranioventral process on 
the preacetabular process is long and distally rounded, the 
postacetabular process is broadly ended, and a pubic process is 
dorsoventrally longer than the ischial process. The hindlimb is 
long and slender with an elongate metatarsus. The hallux is at 
least partially reversed. Caudipteryx is the only oviraptorosaur in 
which imprints of the undoubted feathers, including the con- 
tour feathers, symmetrical remiges, and rectrices, have been 
found. Two species, C. zoui and C. dongi, are assigned to this 
genus, differing mainly in the size of the sternal plates. 

Incisivosaurus is a monospecific genus based on the single 
skull and mandible of a small individual (Xu et al. 2002c). The 
long preorbital region is approximately half the length of the 
skull. The pterygoid has an accessory ventral flange that con- 
tacts its fellow on the midline. The mandible is slender with a 
reduced coronoid bone and a long external fenestra. The upper 
jaws and mandible bear a heterodont dentition; the first pre- 
maxillary tooth is mesiodistally compressed and greatly enlarged, 
while the second through fourth premaxillary teeth are much 
smaller and subconical. The nine maxillary teeth and eight or 
nine dentary teeth are small and lanceolate. 
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Among members of Oviraptoridae, Oviraptor is based on the 
single, incomplete, and deformed O. philoceratops (Osborn 1924). 
The incompleteness of the skeleton and the poorly preserved 
material make distinguishing diagnostic characters of this genus 
and species difficult. Consequently, material previously referred 
to Oviraptor is now placed in other genera, including Rinchenia, 
Khaan, and Citipati. The skull was probably crested, but the skull 
roof is so damaged that the shape of the crest cannot be re- 
constructed. As we know now, most of the generic and specific 
characters listed by Osborn are oviraptorid or oviraptorosaurian 
features, for example, the shortened preorbital region, the tooth- 
less jaws, and the enlarged fenestration of the skull and mandible. 
Some characters, such as the fused clavicles (considered an 
interclavicle by Osborn), have been found in at least some other 
theropods (e.g., tyrannosaurids [Makovicky and Currie 1998] and 
Velociraptor [Norell et al. 1997]). 

Citipati is a large oviraptorid with a crested skull (Clark et al. 
2001). The crest is surmounted mostly by the nasals; the occiput 
and quadrate slope rostrodorsally (if the jugal-quadratojugal bar 
is placed horizontally); the postorbital process of the jugal is per- 
pendicular to the ventral ramus of the jugal; and the external 
naris is large and teardrop-shaped. A postcranial skeleton pre- 
served on top of a nest (Clark et al. 1999) and an embryonic 
skeleton (Clark et al. 2001) are also referred to Citipati. 

Rinchenia is based on a single, almost complete individual 
(Barsbold 1997) previously referred to Oviraptor mongoliensis by 
Barsbold (1986). It is another large oviraptorid with a crested 
skull. The crest is long, extending along almost the entire skull 
roof, and parietals participate in its formation, in addition to 
the premaxilla, nasals, and frontals. Compared with the crest in 
the unnamed Zamyn Khondt oviraptorine, it is wider across the 
base, does not overhang the premaxilla rostrally, and lacks the 
pair of elongate openings in its rostrodorsal portion. The sacrum 
includes 6 vertebrae, and the tail, 32 vertebrae. The ilium is deep 
with a convex, cranially rising dorsal margin, a pointed cranio- 
ventral process on the preacetabular portion, and a postacetab- 
ular process that is half as deep as the preacetabular process. The 
pre- and postacetabular processes are almost equal in length. 

The unnamed Zamyn Khondt oviraptorine is another large 
oviraptorid. Its skull bears a tall median crest composed of the 
premaxilla, the frontal, and the nasal and overhangs the pre- 
maxilla rostrally. As far as can be determined, differences from 
O. philoceratops concern at least the preorbital region, which is 
shorter and probably deeper than in the latter species; and the 
inclination of the naris, which is subvertical in the unnamed 
Zamyn Khondt oviraptorine but close to horizontal in O. philo- 
ceratops. The ilium has a horizontal rather than convex dorsal 
margin that is characteristic of Osborn’s species. According to 
Clark et al. (2002), the unnamed Zamyn Khondt oviraptorine 
may represent a second species of Citipati. 

Ingenia is characterized by its small size and massive skeleton 
(Barsbold 1981). The complete skull is unknown, but a preserved 
lacrimal has a steep dorsal ramus, indicating that at least a low 
crest might have been present (Barsbold et al., in prep.). The cau- 
dal cervicals have cross-shaped arches. The sacrum includes seven 
vertebrae. The forelimb is the shortest among oviraptorids due 
to the robust manus with an enlarged first digit, which has a 
thick, weakly curved ungual. In contrast, the third digit is thin, 
and its phalanges are reduced in length and fused with each 
other in some individuals. The chevrons of the proximal half of 
the tail are slender and dorsoventrally elongate, whereas in most 
other oviraptorids the elongate chevrons are known only in the 
proximal third of the tail, becoming axially elongate down the 
series. The long ilium has a straight dorsal margin and is shallow 
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along its entire length; the cranioventral process is short and 
broadly rounded ventrally, and the distal end of the post- 
acetabular process is truncated. The pubic shaft is distinctly con- 
cave cranially. The metatarsus is short and massive. 

Conchoraptor is characterized by a more slender skeleton than 
that of Ingenia (Barsbold 1986), but the two genera are com- 
parable in size. Conchoraptor is one of the most completely 
known oviraptorids. The skull lacks the crest, the dorsal ramus 
of the lacrimal is almost horizontal, and the long axis of the 
naris is steeply oriented. The sacrum is long and includes seven 
to eight vertebrae with long, narrow centra. The slender manus 
has slender, weakly curved unguals. The ilium is long and shal- 
low with a straight dorsal border, much like that in Ingenia. 

Khaan is characterized by an uncrested skull similar to that 
in Conchoraptor but with a more horizontally oriented longitu- 
dinal axis of the narial opening and the occiput almost perpendi- 
cular in relation to the ventral margin of the jugal-quadratojugal 
bar (Clark et al. 2001). The manus differs from that in Concho- 
raptor in the more curved unguals of the first and second fingers. 
The ilium is similar to that in Ingenia and Conchoraptor. 

Within Caenagnathidae, Chirostenotes was originally de- 
scribed by Gilmore (1924) on the basis of fragmentary material. 
The maxilla has a long tomial edge. The basicranial region is ver- 
tical, and the basal tubera are poorly developed and placed close 
to the basipterygoid processes. The mandible is long and shal- 
low, with a fused symphysis, a long symphyseal shelf, and a low, 
undivided external mandibular fenestra. The dentary is concave 
in lateral view and has a sharp occlusal edge. Laterally the lin- 
gual surface of the edge is fluted with occlusal grooves and tooth- 
like apical projections. Rostrally the edge is turned up along the 
symphysis. A convex lingual ridge extends medially to the oc- 
clusal groove. The surangular is fused with the articular. The il- 
ium has a uniformly arched dorsal margin and is deepest above 
the acetabulum. The postacetabular process is pointed caudally 
and shorter than the preacetabular process. A distal portion of 
the ischial shaft is directed caudoventrally, its axis being at an 
angle of about 135° to the axis of the proximal portion. The ob- 
turator process of the ischium has a strong, dorsoventrally short, 
and well-demarcated process. The pes is arctometatarsal, and 
the metatarsus is long, constituting 22% of the total hindlimb 
length (measured without digits). Two species are assigned to 
this genus: C. pergracilis and C. elegans. 

Caenagnathasia is based on two small, incomplete dentaries 
(Currie et al. 1993) that indicate an animal smaller than any 
other known caenagnathid. The dentary has an almost straight 
dorsal margin and lacks toothlike projections, and the fluting 
of its occlusal edge is less distinct. 

Nomingia is known from a fragmentary postcranium that 
includes a portion of the vertebral column, from the last one to 
two cervicals through the complete vertebral series to the end 
of the tail (Barsbold et al. 2000a, 2000b); ribs, the pelvis, and 
most of the hindlimbs except the pes have also been found. 
There are deep hypapophyses on three successive vertebrae of 
the cervicodorsal region. Among nonavialan theropods this 
animal is unique in having a pygostyle and the short tail with 
24 caudals. Feather imprints have not been discovered with this 
skeleton, but the presence of the pygostyle makes it highly prob- 
able that feathers occurred in at least this oviraptorid. It is pos- 
sibly closely related to the caenagnathid Chirostenotes. 

Microvenator is based on a partial skeleton of asmall theropod 
(Ostrom 1970) that probably belongs to Oviraptorosauria, al- 
though its relationships within this clade have not yet been 
resolved. It has been redescribed by Makovicky and Sues (1998) 
and is considered by these authors to be either an oviraptorosaur 


or a sister taxon to Oviraptorosauria. Microvenator is character- 
ized by dorsal and caudal centra that are distinctly wider than 
high and an accessory crest at the base of the cranial trochanter 
of the femur. 


Paleoecology 


Most oviraptorosaurs were small theropods measuring 2-3 m in 
length (Barsbold 1997). Based on egg shape and eggshell histol- 
ogy, Zelenitsky et al. (2002) suggested that nests of large eggs 
from China (Currie 1996a) may have been laid by oviraptoro- 
saurs. If this is true, some oviraptorosaurs may have been large, 
for these eggs are more than 40 cm long. On the other end of the 
scale, Caudipteryx (Ji et al. 1998) and Avimimus (Kurzanov 1981) 
were about 1 m long, or less. 

Oviraptorosaurs are encountered in a wide range of Late 
Cretaceous depositional environments in the Northern Hemi- 
sphere, showing that they lived in many habitats. They are most 
common in the Djadokhta stage (Jerzykiewicz and Russell 1991) 
paleoenvironments of Central Asia (Jerzykiewicz et al. 1993), 
and they are among the most frequently recovered vertebrates 
at Ukhaa Tolgod in Mongolia (Clark et al. 1999). These deposits 
are interpreted as dune/interdune facies deposited in an arid 
region (Eberth 1993; Loope et al. 1998). In North America ovi- 
raptorosaurs occur in Campanian and Maastrichtian fluvial 
sediments but are rare. 

Although oviraptorosaurs are theropods, most of which were 
carnivores, their diets have not been clearly determined. In the 
past it was suggested that they were well adapted for eating eggs 
(Osborn 1924a; Currie et al. 1993a). Barsbold (1983a) suggested 
that oviraptorids might have used their powerful toothless beaks 
for crushing mollusc shells. The discovery of a tiny theropod 
skeleton in one oviraptorid nest (Norell et al. 1994) may indicate 
that they hunted prey much smaller than themselves. It has 
also been suggested on the basis of jaw mechanics that ovi- 
raptorids were herbivorous (Smith 1992). The toothless jaws of 
oviraptorids, which would have been encased in keratinous 
beaks, would have given them the ability to eat a wide range of 
foods, and it is conceivable that all interpretations are correct. 
However, the clawed fingers and toes of these animals are more 
consistent with a carnivorous diet. The powerful, nipping bite at 
the front of the jaws, the ventrally positioned throat, and the 
palatal protrusions similar to egg-breaking “teeth” of some 
modern animals led Currie et al. (1993) to conclude that ovi- 
raptorosaurs ate both eggs and small vertebrates. Both of these 
resources were abundant in the environments where these ani- 
mals lived. The feathered oviraptorosaur Caudipteryx has gas- 
troliths (Ji et al. 1998), whose presence may suggest a herbi- 
vorous diet. 


All oviraptorids have long necks and short tails. For main- 
taining balance the neck was strongly curved and the head 
held upright. The arms are long, but they are shorter than those 
of dromaeosaurids, troodontids, ornithomimids, and birds. Leg 
length is more variable, being moderately long in oviraptorids 
and elongate in caenagnathids, which also have arctometatar- 
salian feet (Currie and Russell 1988). Caudipteryx had short arms 
and long legs, which suggests that it was a fast runner like other 
oviraptorosaurs. Oviraptorids were among the earliest known 
dinosaurs to provide evidence leading to speculation about 
behavior. In 1923 a reasonably well-preserved individual of 
Oviraptor philoceratops was discovered lying on a nest of eggs. 
Because the eggs were assumed to belong to Protoceratops, it 
was concluded that the theropod was raiding the nest when 
it was buried in a sandstorm (Osborn 1924a). This, and the fact 
that the skull is probably well adapted for eating eggs (Currie 
et al. 1993a), gave the animal its name (Oviraptor means “egg 
thief”). Sixty-six years later the first of a series of remarkable dis- 
coveries demonstrated that the evidence had been misinter- 
preted. Another oviraptorid was discovered lying over a nest of 
eggs, this time in Djadokhta stage sediments of northern China 
(Dong and Currie 1996). The animal in this case was lying in 
a pose that strongly suggested it was sitting on its own nest. In 
Mongolia the following year an oviraptorid embryo was found 
in one of the supposed Protoceratops eggs (Norell et al. 1994). 
Additional oviraptorid skeletons were discovered in “brooding 
position” on other nests of eggs at Ukhaa Tolgod (Clark et al. 
1999), and there remained no doubt that these dinosaurs had 
been misnamed. Rather than being egg thieves, these dinosaurs 
were Clearly protecting their own nests. The evidence suggests 
that oviraptorids laid their eggs in pairs (Dong and Currie 1996). 
The mother stood in one position, turned slightly after each pair 
was laid, then laid the next pair. As the eggs were laid, she used 
her hands to scoop sand onto them. By the time she had laid the 
first ring of eggs, the mother was standing in an elevated posi- 
tion in the center of the nest and could lay another layer of eggs 
on top of the first. The result was a nest mound (Sabath 1991) 
with a spiral of approximately 30 eggs up to three layers deep. 
Although it is possible to explain the arrangement of the nest as 
the result of manipulation of the eggs by one or more ovirap- 
torid individuals (Clark et al. 1999), this interpretation is more 
complicated and less consistent with the evidence. The posi- 
tions of oviraptorids on nests are suggestive of an avian brood- 
ing position (Clark et al. 1999; Hopp and Orsen 2000), with the 
feet positioned inside the circle of eggs, the pectoral and pelvic 
elements lying on the eggs, and the hands encircling the out- 
side. Although this could also be explained by the deaths of the 
adults during the process of egg laying (Dong and Currie 1996), 
this is less likely given the high percentage of oviraptorid skele- 
tons that have been found lying on nests. 
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Troodontidae is a clade of small, lightly built maniraptorans 
known from Cretaceous deposits of Asia and North America 
(table 9.1). These theropods have serrated teeth, raptorial hands, 
and an enlarged sickle-shaped claw on the foot, indicative of 
a predatory lifestyle. Troodontids possess one of the highest 
encephalization quotients among nonavian dinosaurs and had 
keen senses, as indicated by their enlarged orbits and well- 
developed middle ear. Proportionately long hindlimbs indicate 
an agile lifestyle. 

Troodon formosus was one of the earliest dinosaurs de- 
scribed from North America (Leidy 1856) based on an isolated 
tooth crown, but the name Troodontidae Gilmore, 1924, was 
originally applied to Pachycephalosauria because of super- 
ficial similarities between the original tooth of T. formosus and 
pachycephalosaur teeth. Currie (1987b) pointed out the diag- 
nostic dental characters of the Troodon tooth and made Tro- 
odontidae a senior synonym of Saurornithoididae Barsbold, 
1974a. 

Eight other described troodontid taxa are known from Cre- 
taceous deposits of the Gobi Desert, although several fragmen- 
tary theropods from Cretaceous localities in Europe have been 
referred to Troodontidae on weak grounds (Osmolska and 
Barsbold 1990; Howse and Milner 1993). Additionally, a recently 
described basal troodontid from the Early Cretaceous of China 
is important for understanding the phylogenetic relationships 
among troodontids and between troodontids and other mani- 
raptorans (Xu et al. 2002b). The oldest possible troodontid may 
be Koparion douglassi, from the Upper Jurassic Morrison For- 
mation (Chure 1994), but this taxon is based on a single tooth 
and cannot reliably be referred to Troodontidae. 

Until recently troodontids were poorly known because of 
the fragmentary nature of most specimens, but a series of dis- 
coveries over the past decade has contributed much new infor- 
mation on the anatomy of these animals, as well as data on eggs 
and nests. Although considered to be a clade of deinonycho- 
saurians by many authors (Gauthier 1986; Sereno 1997, 1999a; 
Makovicky and Sues 1998), troodontids have also been pro- 
posed as the sister taxon to ornithomimids (Holtz 1994, 
1998a), Avialae (Forster et al. 1998), or a therizinosauroid- 
oviraptorosaur clade (Russell and Dong 1993; Norell et al. 2000, 
2001). 
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Definition and Diagnosis 


Troodontidae was recently defined as a stem-based taxon com- 
prising all taxa that are closer to Troodon formosus than to Veloci- 
raptor mongoliensis (Sereno 1998), and this definition is followed 
here. The following diagnosis is based on a cladistic analysis 
used to determine troodontid interrelationships. Numerous 
characters, mostly from the dentition and braincase, are un- 
ambiguously diagnostic for Troodontidae. In all troodontids a 
groove on at least part of the labial face of the dentary contains 
the exits for the neurovascular foramina (Currie 1987b). The 
quadrate bears a pneumatic foramen caudally in troodontid 
taxa where it is known, and all troodontids have secondarily 
lost the basisphenoid recess on the basicranium. Other diag- 
nostic characters are a dorsoventrally flattened internarial bar, 
a large number of teeth, close packing of the mesial dentary 
teeth, a depression on the ventral surface of the postorbital 
process of the laterosphenoid, reduced basal tubera that lie 
directly ventral to the occipital condyle (reversed in T. formo- 
sus), and elongate transverse processes. In all troodontids for 
which the tail is known the distal caudals have a sulcus on the 
dorsal midline in place of a neural spine, but the condition is 
unknown for the most basal troodontid, Sinovenator. Unlike 
the more symmetrical metapodium of most other theropods, 
the troodontid metatarsus is asymmetrical with a slender meta- 
tarsal II that is markedly shorter than metatarsals HI and IV and 
a robust metatarsal IV. Asymmetric metapodia are also observed 
in the basal dromaeosaurids Microraptor zhaoianus (Xu et al. 
2000) and Sinornithosaurus milleni (Xu et al. 1999), however, and 
this character may be diagnostic of Deinonychosauria rather 
than of Troodontidae. 


Anatomy 


Skull and Mandible 


The troodontid skull is lightly constructed and has a long, low 
snout, large orbits, and an extensively pneumatized braincase 
in most taxa (figs. 9.1, 9.2). The skull table flares widely over the 
orbits, which are directed rostrolaterally, indicating stereoscopic 


TABLE 9.1 


Troodontidae 
Occurrence Age Material 
Theropoda Marsh, 1881a 
Maniraptora Gauthier, 1986 
Troodontidae Gilmore, 1924b 
(= Saurornithoididae Barsbold, 1974a) 
Troodon Leidy, 1856 (= Polyodontosaurus 

Gilmore, 1932a; Stenonychosaurus 

Sternberg, 1932a; Pectinodon Carpenter, 

1982b) 

T. formosus Leidy, 1856 (including Dinosaur Park Formation middle At least 20 specimens, 
Polyodontosaurus grandis Gilmore, (Alberta), Canada; Judith Campanian- including fragmentary skulls, 
1932a; Stenonychosaurus inequalis River Formation, Upper Maastrichtian fragmentary postcrania, teeth 
Sternberg, 1932a; Pectinodon bakkeri Two Medicine Formation, 

Carpenter, 1982b) Hell Creek Formation 
(Montana), Lance 
Formation (Wyoming), 
Prince Creek Formation 
(Alaska), United States; 
“El Gallo” Formation (Baja 
California Norte), Mexico; 
?Kakanaut Formation 
(Chukotka Autonomous 
Okrug), Russia 

Saurornithoides Osborn, 1924a 
S. mongoliensis Osborn, 1924a Djadokhta Formation ?middle Skull with fragmentary 
(Omnégov’), Mongolia Campanian postcranial skeleton, 
hindlimb material 

S. junior Barsbold, 1974a Nemegt Formation early Skull with fragmentary 

(Omnégov’), Nemegt Maastrichtian postcranial skeleton 
Svita (Bayankhongor), 
Mongolia 

Sinornithoides Russell et Dong, 1993b 

S. youngi Russell et Dong, 1993b Ejinhoro Formation Late Near-complete articulated 

(Nei Mongol Zizhiqu), Cretaceous skeleton 
People’s Republic of China 

Byronosaurus Norell, Makovicky, et 

Clark, 2000 

B. jaffei Norell, Makovicky, et Clark, Djadokhta Formation ?middle Skull and fragmentary 
2000 (Omnégov’), Mongolia Campanian postcranium, fragmentary 

skull 
Borogovia Osmolska, 1987 
B. gracilicrus Osm6lska, 1987 Nemegt Formation early Partial hindlimbs 
(Omnégov’), Mongolia Maastrichtian 
Tochisaurus Kurzanov et Osmolska, 1991 

T. nemegtensis Kurzanov et Osmolska, Nemegt Formation early Metatarsus 

1991 (Omnégov’), Mongolia Maastrichtian 
Sinovenator Xu, Norell, Wang, 

Makovicky, et Wu, 2002b 

S. changii Xu, Norell, Wang, Makovicky, Yixian Formation Barremian Partial skull and skeleton, 
et Wu, 2002b (Liaoning), People’s partial postcranium 

Republic of China 
Unnamed troodontid (Barsbold et al. Baruungoyot Svita late Albian- Skull and postcranial 
1987) (Dornogov’), Mongolia early fragments 
Cenomanian 
Nomina dubia Material 


Bradycneme draculae Harrison et Walker, 1975 


Elopteryx nopcsai Andrews, 1913 
Euronychodon asiaticus Nessov, 1995 


Euronychodon portucalensis Antunes et Sigogneau-Russell, 1991 


Distal tibiotarsus 
Fragmentary femur 
Tooth 

Teeth 


(continued) 


TABLE 9.1 (CONTINUED) 


Nomina dubia 


Material 


Heptasteornis andrewsi Harrison et Walker, 1975 
Koparion douglassi Chure, 1994 
Laelaps cristatus Cope, 1876b 

Laelaps explanatus Cope, 1876a 
Laelaps laevifrons Cope, 1876b 
Paronychodon lacustris Cope, 1876a 
Pectinodon asiamericanus Nessov, 1985 
Tripriodon caperatus Marsh, 1889c 
Troodon asiamericanus Nessov, 1995 
Troodon isfarensis Nessov, 1995 
Zapsalis abradens Cope, 1876b 


Distal tibiotarsi 
Tooth 
Tooth 
Tooth 
Tooth 
Teeth 
Teeth 
Teeth 
Tooth 
Frontal 
Teeth 
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FIGURE 9.1. A, Saurornithoides junior, skull in right lateral view. B-D, Byronosaurus jaffei: B, rostrum in 
lateral view; C, D, braincase in C, occipital, and D, left lateral views. Scale = 2 cm (A), 1 cm (B-D). 
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FIGURE 9.2. Left lateral views of troodontid braincases: A, Sinovenator changii; B, Troodon formosus. Scale = 1 cm (A), 
5 cm (B). (A after Xu et al. 2002b; B after Currie and Zhao 1993b.) 


vision. The snout is tubular in cross section, and the mandibles 
are low and triangular in lateral view (fig. 9.1). 

The small premaxillae are excluded from the caudal border 
of the nares by the maxillae except in Sinovenator changii (Xu 
et al. 2002b), in which a slender subnarial process of the pre- 
maxilla reaches the nasal. Four premaxillary teeth are ob- 
served in Byronosaurus jaffei, Saurornithoides junior, and Sinove- 
nator changii. The premaxillae form most of the internarial bar, 
which is dorsoventrally flattened as in ornithomimosaurs and 
alvarezsaurids. 

The long, triangular maxilla forms the ventral and rostral 
borders of the antorbital fossa and completely surrounds the 
maxillary and antorbital fenestrae. These two fenestrae are sep- 
arated by a narrow interfenestral bar that is inset from the lateral 
surface of the maxilla in Saurornithoides junior and S. mongolien- 


sis but flush with the rest of the maxilla in Byronosaurus jaffei. A 
foramen extending through the base of the interfenestral bar 
and connecting the two fenestrae has been observed in Saur- 
ornithoides mongoliensis, S. junior, and Byronosaurus jaffei. The 
interfenestral bars from either side of the face are separate ven- 
trally at the level of the maxillary fenestra but meet dorsally to 
form the caudal end of the nasal passage. A promaxillary fenes- 
tra seen in many maniraptorans is absent in troodontid species 
with the exception of Sinovenator changii (Xu et al. 2002b) and 
Sinornithoides youngi (Currie and Dong 2001a). 

Ventrally the maxilla forms part of the full secondary palate 
in conjunction with the premaxilla and vomers, as observed in 
Byronosaurus jaffei. The maxillae meet on the ventral midline of 
the palate in B. jaffei, and their contact is not covered in ventral 
view by the vomer as it is in Velociraptor mongoliensis. Medially a 
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lamina of the maxilla projects dorsally from the palate to form 
the floor of the nasal passage. An undivided midline sinus is 
enclosed by this lamina laterally, the palate ventrally, and the 
floor of the nasal passage dorsally. It opens caudally between the 
ventral parts of the interfenestral bars and ventral to the caudal 
opening of the nasal passage. 

The nasals are vaulted transversely and curve around to 
almost enclose the nasal passage ventrally. The floor of the nasal 
passage bulges into the accessory antorbital fossa. Caudally the 
paired frontals form a V-shaped insertion between the paired 
nasals. The lacrimal is T-shaped in all taxa where it is known and 
bears a long, slender rostral process that contacts the nasal and 
forms the dorsal border of the antorbital fenestra. In Byrono- 
saurus jaffei, Troodon formosus, and Saurornithoides junior the or- 
bital ramus of the lacrimal is mediolaterally expanded, forming 
a shelf that overhangs the rostrolateral corner of the orbit. The 
dorsal surface of the lacrimal is smooth in this region, unlike in 
dromaeosaurids (Currie and Dong 2001a). The lacrimal inserts 
into an oblong, slit-shaped fossa on the medial face of the jugal, 
just caudal to the oblique jugal-maxilla suture, in S. junior. Cur- 
rie and Dong (2001a) note that a lacrimal canal is absent in 
Sinornithoides youngi and other troodontids, but a small foramen 
at the dorsal end of the preorbital bar is present in Byronosaurus 
jaffei. The jugal is only well preserved in Saurornithoides junior, 
where it is roughly L-shaped in lateral view and mediolaterally 
flattened. A partial jugal is also present in Sinovenator changii, 
where it is deep beneath the orbit and bears a triangular post- 
orbital process that is less vertical than that of Saurornithoides 
junior and more like that of dromaeosaurids. 

Only fragments of the palatal bones are known in Saur- 
ornithoides junior, S. mongoliensis, and Byronosaurus jaffei, but 
some palatal elements are well preserved in Sinovenator changii, 
and the palate is observed in CT scans of Sinornithoides youngi 
(Currie and Dong 2001a). These taxa display a full secondary 
palate with the choanae opening caudal to the interfenestral 
bar and just rostral to the orbits. The premaxilla and part of the 
maxillary portions of the palate are preserved in a referred spec- 
imen of Byronosaurus jaffei (Norell et al. 2000). This specimen 
shows that the vomer does not extend as far forward on the ros- 
tral region of the hard palate as it does in dromaeosaurids and 
tyrannosaurids. The palatal wing of the pterygoid is wide in Saur- 
ornithoides mongoliensis, with an elongate rostral process reach- 
ing toward the vomer. 

The frontals are known in Troodon formosus, Sinornithoides 
youngi, Sinovenator changii, and Saurornithoides junior and are 
partially preserved in Saurornithoides mongoliensis. Each frontal 
is triangular in dorsal view and widest at its point of articulation 
with the postorbital and laterosphenoid. Rostrally the lateral 
border of the frontal is fluted where it is overlapped by the 
lacrimal and nasal. The lacrimal wraps around the lateral edge 
of the frontal, underlapping it and inserting into a shallow, de- 
pressed articular surface lateral to the olfactory lobe. Caudal to 
the suture with the lacrimal, the orbital border of the frontal 
curves caudolaterally. It is rugose and perforated by a number 
of small foramina. There is no separate prefrontal ossification 
in this region. Rostrally the paired frontals form a wide, rounded 
ridge along their midline suture. This ridge is separated from the 
raised orbital rim by a shallow trough on either side. The raised 
rim twists into a near-vertical position adjacent to the suture for 
the lacrimal in Sinovenator changii. Caudally the frontal bears 
a flexure delimiting the skull table from the caudal tip of the 
frontal that participates in the supratemporal fossa. Ventrally 
the tectal and olfactory lobes are well defined on the frontals, 
with a marked constriction between the two. Lateral to the ol- 
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factory lobes the orbital surface bears a depression in Saur- 
ornithoides junior and Troodon formosus, probably for oculomotor 
muscles (Barsbold 1974a). 

The parietal consists of a single, fused element spanning the 
midline. It is angled caudoventrally relative to the skull table, 
following the marked pontine flexure of the brain (Larsson et al. 
2000). The parietal is roughly cruciform in dorsal view. It reaches 
the flat skull table at the midline but is incised by the supra- 
temporal portions of the frontal on either side. Ventrally the pari- 
etal contacts the laterosphenoids. It bears a pronounced sagittal 
crest that is proportionately taller in troodontids than in other 
theropods of an equivalent size range. Caudally the parietal is 
laterally expanded, and together with the squamosals it forms a 
large nuchal crest overhanging the occiput. 

The postorbital is robust and has broad ventral and caudal 
rami in comparison with many other maniraptorans. It is tri- 
radiate with a short, dorsally projected orbital ramus. It meets 
the jugal along an oblique rostroventral-caudodorsal suture. 
The squamosal is only well preserved in Troodon formosus and 
Saurornithoides junior (fig. 9.1A). This tetraradiate bone has me- 
dial and lateral flanges that meet the exoccipital and form the 
lateral part of the nuchal crest and a rostral process that meets 
the postorbital along an oblique suture to form the temporal 
bar. A slender ventral process extends partway along the rostral 
face of the quadrate shaft. In S. junior there is a large, probably 
pneumatic pit at the juncture of the ventral and lateral flanges 
(fig. 9.1A). Ventral and medial to this pit the squamosal bears a 
depressed, cup-shaped articular surface for the quadrate head 
that extends onto the adjacent part of the opisthotic and/or the 
prootic in S. junior and Troodon formosus. 

The braincase bones are heavily fused in troodontids, except 
in immature individuals such as those described by Norell et al. 
(1994), which were originally referred to Dromaeosauridae. The 
laterosphenoid forms most of the lateral and rostral walls of 
the braincase, which are separated by a distinct flexure (fig. 9.2). 
The laterosphenoid forms most of the border of the large open- 
ing for the trigeminal nerve, c.n. V, ,, and completely surrounds 
the smaller foramen for the ophthalmic nerve, c.n. V, (Currie 
and Zhao 1993). Medial processes of the laterosphenoids meet 
or almost meet dorsal to the hypophyseal fossa and caudo- 
ventral to the orbitosphenoids that separate the laterosphenoids 
from the olfactory opening (Currie and Zhao 1993b). The post- 
orbital process of the laterosphenoid bears a ventral pit in Sino- 
venator changii, Troodon formosus, and Saurornithoides junior. The 
laterosphenoid forms much of the otosphenoidal (alisphenoid) 
crest that delimits the lateral depression surrounding the mid- 
dle ear. 

Troodontids, with the exception of an unnamed Early Cre- 
taceous form (Barsbold et al. 1987) and Sinovenator changii 
(fig. 9.2A), bear a well-developed lateral depression (Barsbold 
1974a) on the side of the braincase covering parts of the latero- 
sphenoid, the basisphenoid, the prootic, and possibly part of 
the opisthotic (figs. 9.1A, 9.2B). This lateral depression is de- 
limited rostrally and dorsally by the expanded otosphenoidal 
crest, which is formed by the laterosphenoid rostrally and the 
prootic and possibly also the opisthotic caudally. A number 
of small laminae subdivide the lateral depression into sub- 
compartments, such as the prootic recess rostrally and the 
subotic recess ventral to the middle-ear opening. The internal 
carotids enter the hypophyseal fossa near the rostral part of the 
lateral depression. In Troodon formosus (Currie and Zhao 
1993b) and Byronosaurus jaffei (Norell et al. 2000) the middle 
ear and the facial nerve exit dorsal to the rim of the lateral de- 
pression (fig. 9.1D). In Saurornithoides junior (Barsbold 1974a) the 


otosphenoidal crest extends above these openings, and these 
foramina lie within the lateral depression (fig. 9.1A). 

The paroccipital processes are short and distally rounded in 
troodontids (fig. 9.1C). They are above the level of the occipital 
condyle in Byronosaurus jaffei and Troodon formosus but point 
ventrolaterally and extend below the level of the condyle in 
Saurornithoides junior. The foramen magnum is tall and elliptical 
in S. junior and Sinovenator changii but is more circular in Troodon 
formosus. The basal tubera are small and situated ventral to the 
occipital condyle in Asian taxa but are more developed in T. for- 
mosus, and they are separated by a narrow, V-shaped notch in all 
troodontids. A basisphenoid recess is absent in all forms. The 
basisphenoid is hollow and expanded, and the base of the cul- 
triform process is formed as an inflated bulb-shaped bulla in at 
least T. formosus (Currie 1985), Saurornithoides junior (Barsbold 
1974b), and Sinornithoides youngi (Russell and Dong 1993b). A 
bulla is absent in Sinovenator changii (Xu et al. 2002b). The basip- 
terygoid processes are short, hollow, and directed laterally in 
Troodon formosus and Saurornithoides junior. In Sinovenator changii 
the basipterygoid processes are solid and bear pneumatic recesses 
on their dorsal surfaces. 

Well-preserved dentaries are known for most taxa, but only 
Sinornithoides youngi, Byronosaurus jaffei, the unnamed Early Cre- 
taceous taxon, and Sinovenator changii have some of the post- 
dentary bones of the mandibles preserved. The postdentary part 
of the mandible is low in these taxa and lacks a raised coronoid 
process. A surangular foramen located rostral to the mandibular 
glenoid is present in all of the listed taxa. The external mandib- 
ular fenestra is large in Sinornithoides youngi, Byronosaurus jaffei, 
and the unnamed Early Cretaceous troodontid (Barsbold et al. 
1987) as well. A triangular slip of the splenial is exposed in lateral 
view, ventral to the angular-dentary contact in Saurornithoides 
mongoliensis, S. junior (fig. 9.1A), and Byronosaurus jaffei, a feature 
also present in dromaeosaurids (Currie 1995). The splenial ta- 
pers rostrally and extends far rostral to the splenial foramen 
both dorsally and ventrally in Saurornithoides junior. The rostral 
parts are separated by a narrow groove that reaches the splenial 
foramen. The splenial overlaps about one-half of the medial face 
of the dentary in S. junior. 

The dentary is triangular in lateral view. In Saurornithoides 
junior, S. mongoliensis, and Troodon formosus the symphyseal re- 
gion is inflected medially, but this curvature is only weakly de- 
veloped in Sinornithoides youngi and absent in Byronosaurus jaffei 
and Sinovenator changii. The mandibular groove is narrow but 
clearly incised rostral to the splenial. A groove lingual to the 
tooth row in Saurornithoides junior may mark the border between 
fused interdental plates and the dentary proper (Currie 1987b), 
or it may be a vascular feature. Currie (1987b) suggested that 
interdental plates are absent in troodontids, but they were iden- 
tified as present, albeit fused, by Varricchio (1997). The exact na- 
ture of interdental plate fusion or loss among maniraptorans 
remains unsettled. All known troodontid dentaries bear a labial 
groove in which the nutrient foramina lie (Barsbold et al. 1987; 
fig. 9.1A, B). This groove is developed on the caudal end of the 
dentary in Sinovenator changii but reaches farther rostrally in 
Byronosautrus jaffei, Saurornithoides junior, and Troodon formosus. 

The distinctive nature of troodontid teeth was already recog- 
nized in the first description of Troodon formosus by Leidy (1856), 
and it has been further investigated by many authors, including 
Russell (1948), Barsbold (1974a), Currie (1987b), and Currie et 
al. (1990). Troodontids are characterized by a higher tooth count 
than most other theropods, including maniraptoran taxa such 
as dromaeosaurids and avialans. Dental formulas (premaxilla + 
maxilla/dentary) of select troodontid taxa are as follows: T. for- 
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FIGURE 9.3. Troodontid teeth. A, Troodon formosus, maxillary tooth 

in labial view. B, C, Sinornithoides youngi: B, maxillary, and C, dentary 
teeth in labial view. Scale = 1 mm. (A from Currie et al. 1990; B, C, from 
Currie and Dong 2001a.) 


mosus, ? +? / 35; Sinornithoides youngi, 4+ 18 / >12; Saurornithoides 
junior, 4+ 20 / 35; S. mongoliensis, 4? + 19 / >17; Sinovenator changii 
4+>20/?. Troodontid teeth are characterized by a distinct con- 
striction between the tooth and crown, and the teeth of most 
taxa are characterized by proportionately large denticles that 
are apically hooked and have small pits between the reentrant 
margins of the denticles (fig. 9.3A-C). Byronosaurus jaffei is 
unique among troodontids in having unserrated teeth with 
sharp, smooth carinae (Norell et al. 2000). This taxon is also 
unique in having numerous but tiny teeth with inflated crowns. 
A moderate degree of heterodonty is observed along both the 
maxillary and dentary tooth rows of troodontids. The maxillary 
teeth of Troodon formosus are serrated both mesially and distally 
(Currie 1987b), but those of Saurornithoides junior only have mesial 
serrations near the base of the crown, and the mesial carina is 
unserrated in most maxillary teeth of S. junior (Barsbold 1974a), 
Sinornithoides youngi, and Sinovenator changii (fig. 9.3). The pre- 
maxillary teeth are small and closely packed, and both mesial 
and distal carinae are shifted toward the lingual face of the tooth. 
The maxillary teeth increase in size distally. In the dentary, the 
most mesial teeth are closely packed, and toothless jaws show 
that the alveoli are confluent, forming a groove in this part of 
the jaw (Currie 1987b). Caudally the alveoli are separated by walls 
of porous interdental bone. 


Postcranial Skeleton 


AXIAL SKELETON 


The vertebral anatomy of troodontids is poorly known, and no 
single individual has a complete vertebral series preserved. The 
long, low cervical vertebrae bear pneumatic foramina (fig. 9.4). 
The centra are elongate and extend beyond the postzyga- 
pophyses in the cranial cervicals of Troodon formosus and Sinor- 
nithoides youngi (fig. 9.4F). The cranial cervical centra beara faint 
keel, unlike those of many other maniraptorans. Prominent 
epipophyses are present on the cervicals of Troodon formosus 
and Sinornithoides youngi, but they are reduced in the unnamed 
Mongolian taxon (Barsbold et al. 1987). The caudal cervical cen- 
tra of Troodon formosus (Makovicky 1995) and Sinornithoides 
youngi (Currie and Dong 2001a) bear moundlike carotid pro- 
cesses between the parapophyses (fig. 9.4A, G). The cervical ribs 
are shorter than the vertebrae with which they articulate, and 
fusion between ribs and vertebrae is seen in adult Troodon for- 
mosus. The cranial dorsal vertebrae bear large hypapophyses as 
in other maniraptorans (fig. 9.4D, E). Unlike the cervicals, the 
majority of dorsal centra do not bear pneumatic foramina. The 
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FIGURE 9.4. Vertebrae of troodontids. A-E, Troodon formosus: A-C, caudal cervical vertebra in A, ventral, B, lateral, and 
C, dorsal views; D, E, cranial dorsal vertebra in D, lateral, and E, ventral views. F-I, Sinornithoides youngi: F, cranial cervi- 
cal vertebra in lateral view; G, caudal cervical vertebra in ventral view; H, distal caudal vertebra in right lateral view; 

I, distal chevron in ventral view. Scale = 1 cm (A-E), 5 mm (F-I). (A-E after Makovicky 1995; F-Iafter Currie and Dong 
2001a.) 


neural spines are tall and distally expanded in T: formosus, and 
hyposphene-hypantrum articulations are present in Byronosaurus 
jaffei and T. formosus. The pneumatic fossae associated with the 
transverse processes of the dorsal vertebrae in most theropods are 
reduced in Saurornithoides mongoliensis and T. formosus. Little is 
known about troodontid rib morphology. 

A gastral basket with 15 pairs of gastral arches was recovered 
with Sinornithoides youngi (Russell and Dong 1993b), and frag- 
mentary gastralia are known for Troodon formosus (Russell 1969). 
The medial element of each arch is shorter than the lateral one 
as in other maniraptorans, and some of the elements are fused 
at the midline in T: formosus (Russell 1969). 

The sacrum is composed of six fused vertebrae in Saur- 
ornithoides mongoliensis and S. junior. The sacral centra are not 
pneumatic, and a shallow sulcus is present on the ventral face 
of the three middle sacrals. The width of the sacral ribs and 
transverse processes increases caudally, indicating that the ilia 
diverged caudally as in many other maniraptorans. 

No complete caudal series is known for a troodontid, but the 
transition point between proximal and distal caudals is located 
proximal to the tenth caudal vertebra in Sinornithoides youngi 
(Russell and Dong 1993b). The proximal caudals have short, box- 
like centra, backswept transverse processes, and slender vertical 
or slightly inclined neural spines. Distal to the transition point 
the vertebrae become low and elongate (fig. 9.4H). The prezyga- 
pophyses are only slightly elongate in the distal caudals, much 
as in Archaeopteryx lithographica and in contrast to most tetanu- 
ran taxa. A shallow sulcus extends along the roof of the neural 
canal in place of the neural spine in troodontids where the dis- 
tal caudals are known (Russell 1969). A sulcus is also present 
along the ventral midline of the centra. 

The chevrons are mediolaterally flattened and Y-shaped in 
the proximal caudal series but become axially expanded from 
the transition point on. Both the proximal and distal expansions 
are bifurcated (fig. 9.41) but lack the hyperelongate extensions 
seen in dromaeosaurids. 


APPENDICULAR SKELETON 


The shoulder girdle is only well known in Sinornithoides youngi 
and Sinovenator changii. The scapular blade is straplike with a 
short acromion process (fig. 9.5A). The coracoid is long dorso- 
ventrally and has a short postglenoid process. The coracoid 
tuber (as defined by Osmolska et al. 1972) bounds a subglenoid 
fossa in S. changii as in dromaeosaurids (Norell and Makovicky 
1999) and Archaeopteryx lithographica. The glenoid of Sinor- 
nithoides youngi faces laterally and slightly caudally, and the clav- 
icular rami articulate with the acromion processes (fig. 9.5A), 
but it is uncertain whether a complete furcula was present in this 
taxon (Currie and Dong 2001a). A broken furcula is present in 
Sinovenator changii. 

The humerus has a well-developed deltopectoral crest (fig. 
9.5B). A ridge is present on the caudolateral face of the humeral 
shaft just distal to the deltopectoral crest in Troodon formosus. 
The ulna is robust and curved with a triangular olecranon pro- 
cess in T. formosus (Russell 1969). It has a flared distal end. The 
thinner radius has a straight shaft. Two carpal elements present 
in the wrist of Sinornithoides youngi represent the radiale and a 
large semilunate distal carpal (Russell and Dong 1993b). In the 
latter taxon the semilunate distal carpal covers all of the proxi- 
mal articulation of metacarpal II and part of the articulation of 
metacarpal I. The manual proportions of Saurornithoides mon- 
goliensis, Sinornithoides youngi, Troodon formosus, and the un- 
named troodontid from the Early Cretaceous of Mongolia are 


FIGURE 9.5. Pectoral girdle and forelimb elements of troodontids: 

A, left scapulocoracoid and broken clavicle of Sinornithoides youngi in 
lateral view; B, right humerus of S. youngi in cranial view with broken 
proximal parts of radius and ulna adhering to distal end; C, left radius 
and ulna of S. youngi in lateral view; D, left metacarpus and right hand 
of the unnamed Early Cretaceous troodontid in extensor view. Scale = 
1 cm; left scale bar refers to A-C. (A-C after Currie and Dong 2001a; 

D after Barsbold et al. 1987.) 


like those of other maniraptorans, with a short metacarpal I that 
is about one-third the length of the remaining metacarpals, 
which in turn are more slender than metacarpal I (fig. 9.5D). The 
phalanges are slender, and the digits end in large trenchant 
claws with large flexor tubercles. 

The pelvic girdle is incomplete in all known taxa. Relatively 
complete pelves are known for Sinornithoides youngi and Sinove- 
nator changii, and parts of all pelvic elements are present in Saur- 
ornithoides mongoliensis. The ilium is dolichoiliac with a reduced 
cuppedicus fossa cranially and a wide but shallow brevis fossa 
caudally. A supracetabular crest is lacking, and an anti- 
trochanter is present on the ilium. The pelvis is slightly pro- 
pubic in Sinornithoides youngi and presumably in Saurornithoides, 
but the pubis is retroverted in Sinovenator changii. A small, cau- 
dally developed pubic boot is present in S. changii, but in Troodon 
formosus the pubic boot has a rostral expansion. There is only a 
small knoblike expansion at the distal end of the pubis in Sinor- 
nithoides youngi. A pubic apron is developed along the distal half 
of the pubes. The ischium is short, broad, and flat with the apex 
of the obturator flange placed at about midlength. The ischium 
is laterally concave as in oviraptorids and does not have the flex- 
ure seen in dromaeosaurid taxa. The ischia are distally unfused 
in Sinornithoides youngi and Sinovenator changii but may be co- 
ossified in Saurornithoides mongoliensis. 

Hindlimb elements, especially metatarsi, are among the most 
commonly recovered elements for troodontids (fig. 9.6A-E). 
The femur bears well-developed greater and cranial trochanters. 
The cranial trochanter is tall and separated from the greater 
trochanter only by a small notch in Saurornithoides mongoliensis, 
Sinornithoides youngi, and Troodon formosus. A large, raised cau- 
dal trochanter is present on the caudolateral face of the femoral 
shaft near the proximal end in all troodontids in which the femur 
is known (Currie and Dong 2001a). A large oval muscle scar is 
present in place of the raised fourth trochanter of other coeluro- 
saurs. The femoral shaft has a distinct cranially convex curva- 
ture. Distally the condyles are well separated by a wide popliteal 
fossa, and there is no apparent extensor groove. 
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FIGURE 9.6. Troodontid metatarsus and second pedal digits: A-E, left 
metatarsus of A, Tochisaurus nemegtensis, B, Troodon formosus, C, un- 
named Mongolian troodontid (Barsbold et al., 1987), D, Borogovia 
gracilicrus, and E, Sinovenator changii in cranial view; F-J, left second 
pedal digits of F, H, Saurornithoides mongoliensis, G, Troodon formosus, 
I, unnamed Mongolian troodontid (Barsbold et al., 1987), 

and J, Borogovia gracilicrus. Scale = 1 cm. (A-D, F-J, after Currie and 
Peng 1993; E after Xu et al. 2002b.) 


The tibia is longer than the femur in all troodontids for 
which these elements are known and bears a prominent tri- 
angular cnemial crest. The tibial shaft is elliptical in cross section 
and bears a short fibular crest proximally. The cnemial and fibu- 
lar crests are connected in Sinovenator changii (Xu et al. 2002b). 
The fibula is broad proximally but attenuates rapidly and is 
splintlike for most of its length, although it reaches the proxi- 
mal tarsals distally. The astragalus bears a long ascending pro- 
cess and is fused with the calcaneum in Troodon formosus and 
Saurornithoides junior. The intercondylar groove on the astragalus 
is deep. 

The metatarsus is extremely elongate and highly derived in 
troodontids (fig. 9.6A-E). The two proximal tarsals fuse to the 
metatarsals in adults of Troodon formosus and Saurornithoides 
junior, forming a tarsometarsus. Troodontid metatarsi are asym- 
metrical and arctometatarsal in all taxa save Sinovenator changii. 
Metatarsal I is short and triangular in cross section. It is situated 
distally and on the lateral surface of metatarsal II, and the hal- 
lux is not reversed. Metatarsal II is markedly shorter than meta- 
tarsals III and IV and has a slender, mediolaterally compressed 
shaft (Wilson and Currie 1985). Metatarsal III is strongly con- 
stricted for most of its length and excluded from plantar view by 
the other metatarsals. The distal articular surface continues 
onto the caudal face of metatarsal III as a tongue in Troodon 
formosus and some other troodontids (Wilson and Currie 1985; 
Currie and Dong 2001a). Metatarsal IV is the most robust of the 
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metatarsals and is nearly as long as metatarsal III. Meta- 
tarsal V is short and splintlike. None of the distal articula- 
tions are ginglymoid in troodontid metatarsi, except in the un- 
named Early Cretaceous taxon from Khamareen Us, Mongolia 
(Barsbold et al. 1987), and Sinovenator. 

The phalangeal formula is like that of other maniraptorans. 
The second digit is highly modified and ends in an enlarged, 
trenchant ungual (fig. 9.6F-J), although this ungual is not as 
developed as in some dromaeosaurids, such as Deinonychus an- 
tirrhopus and Velociraptor mongoliensis. The penultimate phalanx 
is short, bears a distinct heel, and has a wide arc of articulation 
proximally. It is not as dorsoventrally compressed at midshaft 
as in advanced dromaeosaurids (Russell and Dong 1993b). The 
morphology of this toe is similar to that of dromaeosaurids and 
some basal avialans. Borogovia gracilicrus differs from other tro- 
odontids in having a straight and nontrenchant, rather than 
curved, ungual on digit II. Digits III and IV are almost equal in 
length in troodontids. The pes of B. gracilicrus is unusual in 
that the phalanges of digit III are slenderer than those of digit IV 
(Osmolska 1987). 


Systematics and Evolution 


Currently, there are eight named and one unnamed species of 
troodontid. In the following brief review of the taxonomy of 
these species, we attempt to provide diagnoses for the individ- 
ual species. However, given the fragmentary nature of most tro- 
odontid species, many of these characters cannot be surveyed 
across all valid troodontid taxa, and autapomorphies cannot be 
identified for some species. 

Borogovia gracilicrus is based on a partial hindlimb from the 
Bigiin Tsav locality of Mongolia (Osmolska 1987). This aberrant 
troodontid is distinguishable from other members of the clade 
by its weakly developed and straight ungual on the second pedal 
digit and slender phalanges in digit IN, which is shorter and 
thinner than digit IV. The preserved lower portion of the arcto- 
metatarsal metatarsus is asymmetrical with a slender, short 
metatarsal I] and a robust metatarsal IV. Barsbold and Osmolska 
(1990) suggested that this foot may belong to Saurornithoides 
junior in part because of its size. 

Byronosaurus jaffei isa medium-sized troodontid known from 
the Campanian Djadokhta Formation at Ukhaa Tolgod in south- 
central Mongolia (Dashzeveg et al. 1995; Norell et al. 2000). This 
taxon is known from two incomplete individuals. It is referable 
to Troodontidae on the basis of numerous closely packed teeth 
in the dentary and maxilla, maxillary participation in the cau- 
dal part of the nares, triangular dentaries with mental foramina 
ina deep groove, anda large and prominent otosphenoidal crest 
surrounding the lateral depression (fig. 9.1B-D). B. jaffei is 
unique among described troodontid taxa in that it lacks serra- 
tions on the teeth and in that the interfenestral bar separating 
the antorbital fenestra from the accessory is not inset from the 
lateral surface of the skull. 

Saurornithoides mongoliensis is a Campanian troodontid from 
the Djadokhta Formation of Mongolia (Osborn 1924a). It was 
the first described Asian troodontid, based on a skull and partial 
skeleton of an adult individual collected in 1923 by the Ameri- 
can Museum of Natural History’s Central Asiatic Expeditions. It 
is referable to Troodontidae based on several derived characters, 
including the numerous closely packed teeth with large den- 
ticles, maxillary participation in the caudal part of the nares, 
triangular dentaries that are inflected at the symphysis (Currie 
1987b), and a lateral depression. Additional specimens from 


China have been referred to this taxon (Currie and Peng 1993; 
Currie and Dong 2001a). S. mongoliensis differs from S. junior in 
having the exit for c.n. VII outside the lateral depression and 
in having a proportionally slightly longer accessory antorbital 
fenestra and naris, as well as in its overall smaller size. The ma- 
terial is insufficient to identify autapomorphies. 

Saurornithoides junior is the largest troodontid species, with 
a skull length of 28 cm (Barsbold 1974a). It is presently known 
from the ?Maastrichtian beds of the 7Nemegt Formation at Bu- 
gin Tsav (Barsbold 1974a) and is represented by a skull and some 
postcranial parts. S. junior is referred to Troodontidae based on 
the presence of numerous closely packed teeth on the dentary 
and maxilla, maxillary participation in the caudal part of the 
nares, medially inflected dentaries with neurovascular foramina 
in a labial groove, an expanded lateral depression, inflated ba- 
sisphenoid bulla, and a lacrimal with an elongate rostral process 
(Norell et al. 2000). An apparent autapomorphy that distin- 
guishes S. junior from S. mongoliensis, Troodon formosus, and By- 
ronosaurus jaffei is that the exit for the facial nerve (c.n. VII) is 
within the lateral depression (fig. 9.1A). It also differs from taxa 
such as B. jaffei and S. junior in having a longer snout. 

Sinornithoides youngi is based on a single, nearly complete 
individual from Upper Cretaceous deposits in the Ordos Basin, 
Inner Mongolia, China (Russell and Dong 1994). The skull dis- 
plays a number of features diagnostic of Troodontidae and sub- 
clades within the group, such as a lateral depression, a para- 
basisphenoid bulla, constricted teeth with slightly enlarged 
denticles, and a distinct groove on the dentary into which the 
neurovascular foramina open. Unlike larger troodontids such 
as Troodon formosus and both species of Saurornithoides, the 
dentary is not medially deflected at the symphysis. This taxon 
differs from Saurornithoides mongoliensis in its proportionately 
shorter skull and from Troodon formosus and S. junior in its more 
laterally directed orbits. The denticles of the maxillary teeth are 
proportionately smaller in this taxon than in the three larger 
taxa (Currie and Dong 2001a; fig. 9.3B, C). It differs from the 
unnamed Early Cretaceous troodontid in having a large subotic 
recess. Russell and Dong (1993b) identified no autapomorphies 
in this taxon, partly because most other troodontids are too 
incomplete for comparison. 

Troodon formosus is the first named troodontid and also the 
only recognized taxon from North America (Leidy 1856). Be- 
cause it was based on an isolated tooth, the taxonomic history 
of T. formosus has been tumultuous; only recently has it been 
shown that a number of taxa, such as Pectinodon bakkeri and 
Stenonychosaurus inequalis, are in fact junior synonyms of this 
taxon (Currie 1987b). Potential autapomorphies of T: formosus 
include the presence of denticles on both mesial and distal cari- 
nae of the teeth (fig. 9.3A), stout and wide basal tubera, a short 
temporal arcade (Barsbold and Osmolska 1990; fig. 9.2B), and 
possession of an expanded pubic boot, a structure that is only 
slightly developed in other taxa that preserve the pubis. Several 
of these characters constitute reversals from the plesiomorphic 
condition for troodontids. T. formosus is larger than other tro- 
odontids, with the exception of Saurornithoides junior. 

Tochisaurus nemegtensis is presently known solely from an iso- 
lated metatarsus from the Lower Maastrichtian Nemegt Forma- 
tion (Kurzanov and Osmolska 1991). It possesses the asymmet- 
rical and arctometatarsal structure seen in the foot of advanced 
troodontids (fig. 9.6A). It was originally diagnosed by exceed- 
ingly slender proportions of metatarsal II relative to the other 
metatarsals, but explicit comparisons with other taxa were not 
made, and Currie and Peng (1993) cast doubt on the utility of 
ratios between metatarsals in diagnosing troodontid species. 


The metatarsus of T: nemegtensis is more derived than that of 
Sinornithoides youngi in that metatarsal II] is obscured from cau- 
dal view by metatarsals II and IV for part of its length. However, 
no relevant comparisons with other troodontids can be made 
without additional material. 

An unnamed Early Cretaceous troodontid was described by 
Barsbold et al. (1987) based on fragmentary material from the 
Khamareen Us locality (early Cenomanian) in the southeastern 
Gobi Desert. Because of the incomplete nature of this specimen 
they decided not to coin a binomial for the material, although 
they did consider it a new taxon. The Khamareen Us specimen 
can be referred to Troodontidae based on its asymmetrical, 
arctometatarsal metapodium, the possession of a groove on the 
dentary, a pneumatic quadrate, and a subotic recess. It differs 
from most other troodontids in lacking enlarged denticles and 
perhaps the lateral depression (Barsbold et al. 1987). It differs 
from Byronosaurus jaffei in having serrated teeth. It can be dis- 
tinguished from Sinovenator changii in lacking an accessory 
pneumatic recess just dorsal to the crista interfenestralis. Al- 
though this taxon is not diagnosable by autapomorphy, largely 
due to its incompleteness, it can be differentiated from other 
currently known troodontid species. 

Sinovenator changii is based on a skull and partial skeleton and 
a referred specimen from the Yixian Formation of Liaoning, 
China (Xu et al. 2002b). The material comprises most of the 
skull, including the braincase; the caudal palate and parts of 
the lower jaws; and representative axial, forelimb, and hind- 
limb elements. The animal would have been less than 1 m long 
when alive. This taxon lacks both the lateral depression on 
the braincase and the parabasisphenoid bulla (fig. 9.2A). The 
basipterygoid processes are long and rostrally directed and bear 
pneumatic recesses. As in other troodontids, the mesial dentary 
teeth are closely packed. The mesial teeth are unserrated, but 
more distal teeth bear small denticles like those of dromaeo- 
saurids and unlike the enlarged denticles of derived troodon- 
tids. Unlike in other troodontids, the maxilla does not partici- 
pate in the naris, and a promaxillary fenestra is present. The 
cervicals are pneumatic, but pneumatic features are reduced in 
the dorsal vertebrae. The metapodium is asymmetrical but not 
arctometatarsal, and the foot bears an enlarged ungual on digit 
II as in other troodontids, dromaeosaurids, and Rahonavis os- 
tromi. Autapomorphies that diagnose this taxon are a surangu- 
lar with offset medial and lateral shelves, a vertically directed 
lamina on the lateral border of the frontal where it meets the 
lacrimal, and a ridge connecting the cnemial and fibular crests 
(Xu et al. 2002b). 

To date only four phylogenetic hypotheses of troodontid re- 
lationships have been published. The first of these (Osm6lska 
and Barsbold 1990) posited Troodon formosus as the sister taxon to 
both species of Saurornithoides and Borogovia gracilicrus. This phy- 
logeny is based, not on characters, but on a scenario of character 
change concerning the relative lengths of pedal phalanx II-2. 

More recently, Norell et al. (2000, 2001) considered troodon- 
tid interrelationships. The 2000 hypothesis is congruent with 
the 2001 hypothesis except that the latter was part of a larger 
study of coelurosaurian relationships and the former included 
the unnamed Early Cretaceous taxon from Khamareen Us. The 
former was based on 10 taxa and 38 characters and appeared in 
the description of Byronosaurus jaffei (Norell et al. 2000). This 
hypothesis supports a relationship between the Asian Late Cre- 
taceous troodontids Saurornithoides mongoliensis and S. junior in 
an unresolved position with the North American Late Cretaceous 
Troodon formosus. These form the sister group to Byronosaurus 
jaffei, from the Late Cretaceous of Ukhaa Tolgod, Mongolia. The 
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FIGURE 9.7. Strict consensus of 432 most parsimonious trees sum- 
marizing relationships among troodontid taxa, based on an analysis 
of 220 characters in 50 coelurosaurian taxa. Relationships among non- 
troodontid taxa are not depicted. 


Early Cretaceous Sinornithoides youngi and the Knamaryn Us tro- 
odontid are sequential sister taxa of this group. 

Xu et al. (2002b) used the matrix of Norell et al. (2001) to 
determine the relationships of Sinovenator changii and recovered 
identical relationships among troodontids, with Sinovenator as 
the most basal taxon. Inclusion of Sinovenator caused the tro- 
odontid clade to shift from a sister-group relationship with a 
therizinosauroid-oviraptorosaur clade to a deinonychosaurian 
position (Norell et al. 2000, 2001). 

The following analysis of troodontid relationships is based 
on an expanded version of the data matrix of Xu et al. (2002b; 
see Makovicky et al., this vol.). Seven of the troodontid species 
reviewed above are included. Borogovia gracilicrus and Tochisaurus 
nemegtensis were excluded because apart from the autapomor- 
phic phalangeal characters of the former, the single known spec- 
imen of each species only shows characters that are common 
to all troodontids more derived than Sinovenator. The matrix 
also comprises 42 other coelurosaurian taxa and the tetanuran 
Allosaurus, which was used to root the most parsimonious trees. 
The complete matrix has 220 characters and 50 taxa. This com- 
prehensive approach was used because of the lack of consensus 
regarding the relationship of Troodontidae to outgroup taxa 
and concomitant difficulties in correctly establishing character 
polarities. All characters were treated as unordered. Analysis of 
this data set was conducted using NONA ver. 1.9 (Goloboff 1993) 
run through the Winclada interface (Nixon 1999). One thou- 
sand repetitions of the tree bisection regrafting algorithm were 
used to find islands of shortest trees, followed by branch swap- 
ping to find all shortest trees. The analysis found 432 trees (tree 
length = 586, Cl=45, RI=75); a strict consensus tree of troodon- 
tid interrelationships is presented in figure 9.7. 

Troodontids are monophyletic and the sister taxon of Dro- 
maeosauridae within a monophyletic Deinonychosauria, which 
in turn is the sister taxon to Avialae. Troodontid monophyly is 
supported by the nine characters listed in the diagnosis. Within 
troodontids, Sinovenator changii is the sister taxon to a clade 
comprising all other troodontids, is diagnosed by the presence 
of a subotic recess on the side of the braincase ventral to the 
middle ear and a metatarsal IV that is a deep oval in cross sec- 
tion. Byronosaurus jaffei, Sinornithoides youngi, and a more ex- 
clusive clade comprising Troodon formosus, Saurornithoides mon- 
goliensis, and S. junior form a clade diagnosed by possession of an 
otosphenoidal crest, which is apparently absent in the Early Cre- 
taceous troodontid from Mongolia (Barsbold et al. 1987). En- 
larged and apically hooked dental serrations are also diagnostic 
of this clade, although they are secondarily lost in Byronosaurus 
jaffei. The second, more exclusive clade, comprising the three 
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large-bodied taxa Troodon formosus and both species of Saur- 
ornithoides, is diagnosed by possession of a medially deflected 
symphysis on the dentary and by the secondary loss of a dorsal 
tympanic recess. Monophyly of Saurornithoides is weakly sup- 
ported by a reversal in the position of the maxillary fenestra from 
the front edge of the antorbital fossa to a more caudal location. 


Biogeography 


Diagnostic remains of troodontids are largely restricted to Cen- 
tral Asia and China, and the origin and most of the evolution- 
ary history of the clade was endemic to that continent. Only a 
single derived troodontid taxon, Troodon formosus, occurs in 
North America, and optimization of the continental distribu- 
tion of troodontids posits this as a single dispersal event. The 
first records of Troodon are from the Campanian and coincide 
well with the minimum age of the Troodon-Saurornithoides clade, 
whose oldest member is Saurornithoides mongoliensis, from the 
Campanian of Mongolia. Although this comparison of the ages 
of sister taxa provides a minimum age for the dispersal of the 
Troodon lineage to North America, an earlier dispersal event is 
possible. 

Cifelli et al. (1997a) referred teeth from Cenomanian micro- 
vertebrate sites in Utah to Troodontidae, suggesting that these 
represented the earliest North American record of this group. 
These teeth were specifically compared to those of the enigmatic 
Paronychodon, which is poorly known and may actually com- 
prise pathologic teeth of several taxa (Currie et al. 1990). Novas 
et al. (1999a) referred a specimen from the Turonian-Coniacian 
to Troodontidae. If correct, this might indirectly support an 
Early or mid-Cretaceous dispersal from Asia to South America 
via North America. 


Paleobiology 


Troodontids are generally thought to have preyed on small 
items such as mammals, dinosaur eggs and dinosaur hatchlings, 
and possibly insects (Russell and Séguin 1982). The enlarged 
claw on the second pedal digit may have been used in subduing 
larger prey, although this has been questioned (Osmolska 1982; 
Barsbold and Osmolska 1990) because the claw is more weakly 
developed than in dromaeosaurids. Holtz et al. (1994, 1998) sug- 
gested a partly herbivorous diet for troodontids based on the 
proportionately large denticles on the teeth of some derived 
taxa, which they compared to the teeth of iguanine lizards. 

Troodontids’ enormous orbits and large middle ear suggest 
that they had highly developed vision and hearing. The ba- 
sisphenoid bulla may have aided in detection of low-frequency 
sounds (Currie 1985). The ratio of troodontids’ brain volume to 
body mass is among the highest for nonavian dinosaurs and 
comparable to that of living ratites; it is probably related to en- 
hanced sensory acuity (Russell 1969; Hopson 1977). The hind- 
limb morphology suggests that these theropods were agile and 
had a good sense of balance. 

Analyses of histological sections from several differently 
sized Troodon formosus indicate that growth was determinate 
and that adult size was achieved rapidly, in less than five years, 
in this species (Varricchio 1993). The samples used in this study 
were taken from several individuals found together in a bone 
bed, and their co-occurrence has been interpreted as evidence 
for possible gregarious behavior in T: formosus (Varricchio 
1993). 


Much new information on troodontid reproductive physiol- 
ogy and behavior has accumulated over the past decade. Tro- 
odontid nests discovered in Montana (Horner 1982; Varricchio 
et al. 1997) show that the eggs were laid in a tight, circular group 
in a large open nest. Similar grouping of eggs is known for a nest 
from Mongolia that was associated with a troodontid hatchling 
skeleton. The elongate, asymmetrical eggs were laid with the 
narrow pole down, and they were at least partly covered by soil 
or sand. That they may have been brooded by a parent is sug- 
gested by the discovery of a partial adult on a nest (Varricchio et 
al. 1997). Statistical analysis of egg orientation in the nest indi- 
cates that the eggs were laid in pairs, suggesting that troodontids 
had two functional oviducts (Varricchio et al. 1997). The ratio of 
egg size to body weight is intermediate between those of the two 


living groups of archosaurs, crocodiles and birds (Varricchio et 
al. 1997). Eggs of Troodon formosus have a smooth surface texture 
with isolated or paired pore openings (Zelenitsky and Hills 1996). 
Examination of troodontid eggshell microstructure reveals two 
layers with a smooth transition. The inner mammillary layer 
displays blocky calcite crystal growth, and the outer layer has a 
prismatic structure (Zelenitsky and Hills 1996). Layers showing 
this kind of microstructure and transition are also seen in neog- 
nath birds, but they are not necessarily homologous in the two 
groups (Makovicky and Grellet-Tinner 2001). This kind of egg- 
shell was classified as dinosauroid prismatic (Hirsch 1994) and 
has previously been ascribed to basal ornithopod and “proto- 
ceratopsian” dinosaurs but is evidently theropod in origin (Var- 
ricchio et al. 1997). 
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Dromaeosaurids were small- to medium-sized carnivores (fig. 
10.1). Several phylogenetic studies have found them to be close 
relatives to Avialae; consequently, their anatomy is of direct rel- 
evance to an understanding of avialan origins. They were 
bipedal animals with long, three-fingered forelimbs that ended 
in sharp, trenchant claws. Their hindlimbs sported three toes 
with a second digit that was large and hyper-retractable. The tail 
was stiffened by long chevrons and prezygapophyses spanning 
several vertebrae. Direct fossil evidence shows that at least some 
of these animals were covered with featherlike integumentary 
structures (fig. 10.2; Xu et al. 1999, 2000, 2001; Ji et al. 2001), and 
one specimen even shows the presence of feathers of modern 
aspect (Norell et al. 2002). 

The largest known dromaeosaurids are Achillobator giganticus 
(Perle et al. 1999) and the fragmentary Utahraptor ostrommaysi, 
with tibial lengths of 490 mm and 505 mm, respectively (table 
10.1). There is purported taphonomic evidence that at least one 
dromaeosaurid (Deinonychus) was a pack-hunting predator, as 
several individuals have been found together with possible prey 
(Ostrom 1990; Maxwell and Ostrom 1995). A Velociraptor mon- 
goliensis specimen has been collected that was preserved perhaps 
during predation behavior (Kielan-Jaworowska and Barsbold 
1972). Dromaeosaurids range from the Early Cretaceous (Bar- 
remian, China) to the Late Cretaceous (Maastrichtian, North 
America). Diagnostic dromaeosaurids are known from Asia and 
North America, although putative dromaeosaurid teeth, claws 
(less often), and isolated bones have been reported from Europe 
(Grigorescu 1984b; Buffetaut et al. 1986; Le Loeuff et al. 1992; 
Sanz and Francés 1992; Howse and Milner 1993; Weishampel 
and Jianu 1996; Csiki and Grigorescu 1998; Le Loeuff and Buf- 
fetaut 1998), Africa (Rauhut and Werner 1995), and Australia 
(Currie et al. 1996). Unenlagia comahuensis probably represents a 
South American occurrence of this taxon (Norell and Makovicky 
1999; Xu et al. 2002b). 

The first dromaeosaurid to be described was Dromaeosaurus 
albertensis (Matthew and Brown 1922) based on a partial skull 
with mandibles and associated fragmentary pes. This specimen 
was collected in 1914 by Brown in Late Cretaceous (Campanian) 
deposits of what is now Dinosaur Provincial Park in Alberta, 
Canada. Matthew and Brown erected Dromaeosaurinae within 
Deinodontidae (= Tyrannosauridae) to include this one species. 
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Subsequently, another dromaeosaurid representative was discov- 
ered in the red sandstone of the lower Campanian Djadokhta 
Formation at Bayan Zag in Omn6gov’, Mongolia, by the Cen- 
tral Asiatic Expeditions of the American Museum of Natural 
History and described as Velociraptor mongoliensis (Osborn 1924a). 
The material includes the nearly complete skull and lower jaws 
(fig. 10.3) and the first manual digit. Additionally a foot was 
discovered. 

Primary descriptions of these two earliest-known dromaeo- 
saurid species were preliminary, and more detailed descriptions 
were not provided until much later (Colbert and Russell 1969; 
Sues 1977; Currie 1995; Norell and Makovicky 1997, 1999; Bars- 
bold and Osmolska 1999). Ostrom’s (1969a, 1969b) description 
of Deinonychus antirrhopus from the Early Cretaceous of Mon- 
tana provided the first information on the dromaeosaurid post- 
cranial skeleton (in addition to the description of the skull and 
lower jaw). Later findings supplement Ostrom’s work and pro- 
vide additional descriptions of the cranium and postcrania of 
D. antirrhopus (Witmer and Maxwell 1996; Witmer 1997a, 1997b) 
and other dromaeosaurid taxa (Perle et al. 1999; Xu et al. 1999, 
2001; Burnham et al. 2000). 


Definition and Diagnosis 


Dromaeosauridae is a node-based taxon defined as all the de- 
scendants of the most recent common ancestor of Microraptor 
zhaoianus, Sinornithosaurus millenii, and Velociraptor mongolien- 
sis. The clade can be diagnosed by the following features: short 
T-shaped frontals with a sinusoidal edge demarcating the ros- 
tral boundary of the supratemporal fenestra; a caudolateral over- 
hanging shelf of the squamosal; a lateral process of the quadrate 
that contacts the quadratojugal dorsally above the enlarged 
quadrate foramen; raised, stalklike parapophyses on the dorsal 
vertebrae; a modified, raptorial digit II (also in troodontids); the 
chevrons and prezygapophyses of the caudal vertebrae elongate 
and spanning several vertebrae; and the presence of a sub- 
glenoid fossa on the coracoid. A number of other characters, 
such as reduction of the cuppedicus fossa of the ilium and the 
postorbital ramus of the jugal being broad and platelike, are 
found in some dromaeosaurids. 


J 


FIGURE 10.2. Sinornithosaurus millenii: A, showing filamentous integumentary covering; B, scapulocoracoid. Scale = 5 cm. (From Xu et al. 1999.) 


Anatomy 


Skull and Mandible 


Skulls are known for only a few species, although several skulls 
have been collected for Velociraptor mongoliensis and good cra- 
nial material exists for Sinornithosaurus millenii (Xu et al. 1999; 
Xu and Wu 2001) and Bambiraptor feinbergorum (Burnham et al. 
2000). A single fragmentary skull is known for Dromaeosaurus 


albertensis, and abundant disarticulated skull elements are known 
for Deinonychus antirrhopus and, to a lesser extent, Saurornit- 
holestes langstoni, Utahraptor ostrommaysi, Achillobator giganticus, 
and Sinornithosaurus millenii. The following description is based 
primarily on Velociraptor mongoliensis, except where noted. 

The skull (fig. 10.4) has a large, rostrolaterally facing circular 
orbit anda thin, laterally compressed rostrum. The premaxilla is 
short, and its nearly square main body bears four weakly curved 
teeth. The subnarial process of the premaxilla is slender and ex- 
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TABLE I0O.1 


Dromaeosauridae 
Occurrence Age Material 
Theropoda Marsh, 1881a 
Maniraptora Gauthier, 1986 
Dromaeosauridae Matthew et Brown, 1922 
Achillobator Perle, Norell, et Clark, 1999 
A. giganticus Perle, Norell, et Clark, Bayanshiree Svita Cenomanian- Partial skull and fragmentary 
1999 (Dornogov’), Mongolia Santonian postcrania 
Adasaurus Barsbold, 1983b 
A. mongoliensis Barsbold, 1983b Nemegt Svita early Partial skull and fragmentary 
(Bayankhongor), Mongolia = Maastrichtian postcrania 


Bambiraptor Burnham, Derstler, Currie, 
Bakker, Zhou, et Ostrom, 2000 
B. feinbergorum Burnham, Derstler, 
Currie, Bakker, Zhou, et Ostrom, 2000 


Deinonychus Ostrom, 1969a 
D. antirrhopus Ostrom, 1969a 


Dromaeosaurus Matthew et Brown, 1922 
D. albertensis Matthew et Brown, 1922 


Microraptor Xu, Zhou, et Wang, 2000 
M. zhaoianus Xu, Zhou, et Wang, 2000 


M. gui Xu, Zhou, Wang, Kuang, Zhang, 
et Du, 2003 


Saurornitholestes Sues, 1978a 
S. langstoni Sues, 1978a 


Sinornithosaurus Xu, Wang, et Wu, 1999 
S. millenii Xu, Wang, et Wu, 1999 


Utahraptor Kirkland, Burge, et Gaston, 
1993 
U. ostrommaysi Kirkland, Burge, et 
Gaston, 1993 


Unenlagia Novas et Puerta, 1997 
U. comahuensis Novas et Puerta, 1997 


Upper Two Medicine 
Formation (Montana), 
United States 


Cloverly Formation 
(Wyoming), Cloverly 
Formation (Montana), 
Antlers Formation 
(Oklahoma), United States 


Dinosaur Park Formation, 
Scollard Formation 
(Alberta), Canada; Prince 
Creek Formation (Alaska), 
Judith River Formation 
(Montana), United States 


Jiufotang Formation 
(Liaoning), People’s 
Republic of China 


Yixian Formation 
(Liaoning), People’s 
Republic of China 


Milk River Formation, 
Oldman Formation, 
Dinosaur Park Formation, 
Scollard Formation 
(Alberta), Dinosaur Park 
Formation (Saskatchewan), 
Canada; Prince Creek 
Formation (Alaska), Judith 
River Formation 
(Montana), Lower Kirtland 
Formation (New Mexico), 
Aguja Formation (Texas), 
United States 


Yixian Formation 
(Liaoning), People’s 
Republic of China 


Lower Cedar Mountain 
Formation (Utah), United 
States 


Rio Neuquén Formation 
(Neuquén), Argentina 


middle-late 
Campanian 


late Aptian- 
middle Albian 


late 
Campanian- 
late 
Maastrichtian 


Early 
Cretaceous 


Barremian 


early 
Campanian- 
late 
Maastrichtian 


Barremian 


Berriasian- 


Hauterivian 


Turonian- 
Coniacian 


Almost complete skull and 
postcrania 


More than 8 articulated and 
disarticulated skeletons 
and skulls 


Incomplete skull and 
postcranial fragments 


At least 3 partial 
semiarticulated postcrania 
and several skulls, feathered 
integument 

2 nearly complete skeletons, 
feathered integument 


23 skull and postcranial 
fragments, partial postcranial 
skeleton, numerous teeth 


Semiarticulated skull and 
partial postcrania, feathered 
integument 


Skull and postcranial 
fragments 


Fragmentary postcrania 


TABLE 10.1 (CONTINUED) 


Occurrence Age Material 
Velociraptor Osborn, 1924a 
V. mongoliensis Osborn, 1924a Djadokhta Formation ?late More than 8 partial postcrania 
(Omnégov’), Mongolia; Santonian- and skulls 
Djadokhta Formation, Maastrichtian 
Minhe Formation (Nei 
Mongol Zizhqu), People’s 
Republic of China 
Problematic taxa 
Euronychodon Antunes et Sigogneau- 
Russell, 1991 
E. portucalensis Antunes et Sigogneau- Unnamed unit (Coimbra), late Tooth 
Russell, 1991 Portugal Campanian- 
Maastrichtian 
E. asiaticus Nessov, 1995 Bissekty Formation late Turonian- Tooth 
(Bukhoro), Uzbekistan Coniacian 
Hulsanpes Osmolska, 1982 
H. perlei Osmolska, 1982 Baruungoyot Formation ?middle Partial foot 
(Omnégov’), Mongolia Campanian 
Megaraptor Novas, 1998 
M. namunhuaiquii Novas, 1998 Rio Neuquén Formation Turonian- Partial forelimb, manus and 
(Neuquén), Argentina Coniacian pes 
Unnamed ?dromaeosaurid Wessex Formation (Isle Barremian Sacrum 
(= “Ornithodesmus” cluniculus of Wight), England 
Seeley, 1887b) 
Pyroraptor Allain et Taquet, 2000 
P. olympius Allain et Taquet, 2000 Grés a Reptiles Formation early Fragmentary postcrania and 
(Bouches-du-Rh6éne), Maastrichtian teeth 
France 
Unquillosaurus Powell, 1979 
U. ceibalii Powell, 1979 Los Blanquitos Formation ?Campanian Pubis 
(Salta), Argentina 
Variraptor Le Loecuff et Buffetaut, 1998 
V. mechinorum Le Locuff Grés a Reptiles Formation late Fragmentary 
et Buffetaut, 1998 (Bouches-du-Rh6éne), Grés Campanian- postcrania 
a Reptiles Formation (Var), early 
Gres de Saint Chinian Maastrichtian 


Formation (Aude), Grés de 
Saint Chinian Formation 
(Hérault), France 


Nomina dubia Material 


Palaeopteryx thomsoni Jensen, 1981 


Tibiotarsus 


FIGURE 10.3. Skull of Velociraptor mongoliensis. Scale = 5 cm. (From 
Osborn 1924a.) 


tends behind the large and horizontally suboval naris between 
the nasal and the maxilla. This process excludes the maxilla from 
the border of the naris. The maxilla contains the long antorbital 
fossa and extends to the orbit. The antorbital, maxillary, and 
promaxillary fenestrae pierce the medial wall of the maxilla 
within the antorbital fossa. The maxilla is extensively penetrated 
by three pneumatic recesses—a promaxillary recess rostrally, a 
maxillary antrum caudally, and an excavatio pneumatica dor- 
sally. These systems communicate with the space within the 
maxillary portion of the antorbital fossa. The maxilla bears 9-15 
teeth. The maxillary tooth row ends in front of the orbital mar- 
gin. Interdental plates cannot be distinguished in the adults of 
any dromaeosaurid taxon (contra Currie 1995). 

The skull roof is bounded caudally by a sharp nuchal crest 
formed by the parietals medially and the squamosals laterally. 
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FIGURE 10.4. Skulls of dromaeosaurids: A, Deinonychus antirrhopus; B, Dromaeosaurus albertensis; C, Velociraptor mongoliensis; D, Bambiraptor feinber- 
gorum; E, Sinornithosaurus millenii. Only V. mongoliensis is based on completely articulated, three-dimensional material. Scale = 5 cm (A, B, D, E), 
4cm (C). (A after Ostrom 1969b; B from Currie 1995; C from Barsbold and Osm6lska 1999; D from Burnham et al. 2000; E from Xu et al. 2002b.) 


On the skull roof, the parietal is short in comparison with the 
long frontal. The frontal is easily distinguished from other thero- 
pod frontals by a large, laterally directed postorbital process and 
the distinct sinusoidal rostral demarcation of the short, oval 
supratemporal fossa. This process is longer in Velociraptor and 
Dromaeosaurus than in Saurornitholestes and Deinonychus. 

The pneumatic nasal is long in Deinonychus and Velociraptor, 
resulting in the unusual elongation of the rostrum in these taxa. 
The subnarial process of the nasal is short. A prefrontal is absent 
in Velociraptor but has been described in Deinonychus (Maxwell 
and Witmer 1996). 

The pneumatic lacrimal is T-shaped in lateral view. In dorsal 
aspect it forms a subtriangular horizontal plate with a long, nar- 
row rostral process that wedges between the nasal dorsomedially 
and the maxilla ventrolaterally. The squamosal is unique in 
having a shelflike caudolateral extension that overhangs the 
quadratojugal process of the squamosal and the head of the 
quadrate. In Velociraptor this process is triangular and rostro- 
ventrally shorter than in Dromaeosaurus and Deinonychus. 

The postorbital differs in shape from that of most other 
theropods in having the frontal process steeply directed dorso- 
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medially; this feature is more pronounced in Deinonychus than 
in Velociraptor. The quadratojugal is shaped like an inverted T. 
The quadrate is not pneumatized. In addition to the medial 
pterygoid ramus, the quadrate develops a lateral winglike pro- 
cess, formed by a rostral extension of the rostrolateral margin of 
the shaft. This wing contacts the quadratojugal process of the 
squamosal and the squamosal process of the quadratojugal. The 
jugal is deep, and rostrally it contributes to the ventral border of 
the antorbital fossa. Its postorbital process is wide across the 
base and inclines caudoventrally. The suborbital portion of 
the jugal flares slightly ventrally. 

The braincase is short but deep. The lateral wall of the brain- 
case is formed by the caudally extended opisthotic process of 
the laterosphenoid dorsally, the opisthotic caudally, the prootic 
and a ventral extension of the laterosphenoid medially, and 
the basisphenoid ventrally. A dorsal tympanic recess in the 
form of an elongate depression is present on the dorsal portion 
of the opisthotic and prootic in Velociraptor but not in Dro- 
maeosaurus. The caudal tympanic recess lies at the base of the 
paroccipital process. A rostral tympanic recess ventral to the 
trigeminal opening is reported in Velociraptor but not in other 


dromaeosaurids. The vestibular fenestra and the fenestra 
pseudorotunda are separated by an ossified crista interfenes- 
tralis; however, this is not preserved in many specimens. The op- 
posing laterosphenoids meet rostrally on the midline of the 
braincase to form a sella turcica. The facial nerve (c.n. VII) ex- 
its through a single foramen just caudoventral to the trigeminal 
opening (c.n. V). The solid basipterygoid processes point rostro- 
ventrally and are longer and extend farther ventrally in Veloci- 
raptor than in Dromaeosaurus. 

The medial wall of the braincase encloses large, swollen ver- 
tical semicircular canals surrounding a deep floccular recess in 
Velociraptor (but not Dromaeosaurus). Rostroventral to this lies 
the large trigeminal foramen, caudal to which lies the shallow 
acoustic fossa. The foramen for transmittal of the facial nerve 
through the braincase wall lies at the base of this fossa. Caudally 
lies the metotic fissure just rostral to the margin of the foramen 
magnum. Two small hypoglossal openings (c.n. XID) lie ventrally 
adjacent to the foramen magnum. 

The occipital plate is deep dorsoventrally. It is completely 
preserved only in Velociraptor, where the dorsal portion of the 
plate is formed by the large, supraoccipital medially and the 
parietal plus squamosal laterally. The supraoccipital bears a 
weak vertical crest in the middle, and curved scars lie on each 
side of the crest. The uniformly wide, distally blunt paroccipital 
process is directed laterally or ventrolaterally. It twists laterally, 
so that it becomes transversally rather than vertically oriented. 
The foramen magnum is as large as or slightly larger than the 
occipital condyle. The latter is composed mainly of the basioc- 
cipital. Basal tubera are weakly developed and separated by a 
deep notch (deeper in Velociraptor). The pneumatized basisphe- 
noid has an open basisphenoidal recess on its ventral surface. 
There is a basipterygoid recess on each basipterygoid process. 
The base of the cultriform process is laterally flattened and 
dorsoventrally deep. Rostrally it becomes a slender rod with a 
longitudinal furrow ventrally. 

Although most of the palatal elements are known, a com- 
plete, articulated palate is not yet described for any dromaeo- 
saurid. However, recently discovered material shows that a full 
secondary palate was present and earlier reconstructions (Col- 
bert and Russell 1969; Ostrom 1969b) are inaccurate. Previous 
failure to recognize the existence of a secondary palate was due 
to the extremely narrow muzzle shape (Norell and Makovicky 
1998; Barsbold and Osmolska 1999). In Velociraptor mongolien- 
sis, from which we have the most information, the palatal 
shelves of the maxillae are narrow but meet each other medially 
and are overlapped rostrally by the vomers. The vomers in Velo- 
ciraptor are described as tightly attached to each other along 
their rostral portions but not fused, and a distinct line that is vis- 
ible dorsally and ventrally separates both bones (Barsbold and 
Osmolska 1999). This feature is unique to Velociraptor among 
theropods. 

The choana is narrow and most probably elongate. It is 
caudally bounded by a deeply concave margin of the palatine. 
In Velociraptor, as in many other theropods, the palatines are 
vaulted along the midline, the medial margins of the opposite 
palatines contacting each other above the ends of vomers. The 
maxillary process of the palatine is distinctly shorter than the 
choanal process. The body of the palatine bears a large dorso- 
lateral palatine recess near the contact with the maxilla in 
Deinonychus (Witmer 1997a, 1997b) and Velociraptor. In all dro- 
maeosaurids there is a pterygopalatine fenestra in addition to 
the more caudally placed palatine (= suborbital) fenestra. The 
ectopterygoid is generally similar to that in most other 
theropods, with a ventrally recessed main body and a slender 


arched jugal process. The pterygoid has a deep, vertically posi- 
tioned quadrate ramus, which tightly covers the pterygoid ra- 
mus of the quadrate, and a long slender palatal ramus. The sad- 
dle-shaped articular facet, which embraces the basipterygoid 
process, is situated at the intersection of the pterygoid processes. 

The mandible is long and shallow in Velociraptor mongolien- 
sis. Deinonychus and Dromaeosaurus (fig. 10.4) exhibit deeper, 
more robust mandibles. The mandibular symphysis is well de- 
veloped, and the external mandibular fenestra is shallow and 
elongate. 

Containing 11-16 teeth, the dentary has parallel margins 
in lateral view. Rostrally the dentary does not curve medially at 
the symphysis. The surangular is pierced caudodorsally by a 
prominent surangular foramen; in some specimens of Veloci- 
raptor mongoliensis it is pierced by two smaller foramina. The 
splenial has a thick ventral margin and bears an elongate caudal 
process that articulates dorsally with the angular along a mov- 
able joint. The splenial exhibits a triangular exposure on the lat- 
eral surface of the mandible just caudoventral to the dentary. 
The coronoid is a small, thin, triangular bone that fits between 
the splenial ventrally and the surangular medially; both these 
contacts are loose, allowing some sliding movements. A medi- 
ally placed vertical process on the articular is larger than in other 
theropods. Interdental plates have been described in many 
dromaeosaurids but are not apparent in V. mongoliensis. 

Dromaeosaurid teeth are large, laterally compressed, sharply 
tapered, and recurved. As in most other theropods, their cari- 
nae are serrated, but denticles on the distal carina are distinctly 
larger than those on the mesial carina. 


Postcranial Skeleton 


Only the Deinonychus and Velociraptor postcrania are well known; 
unless otherwise stated, the following description is based on 
skeletons of these two taxa. 


AXIAL SKELETON 


Velociraptor has the most complete vertebral count known: 
9 cervicals, 12 dorsals, usually 6 sacrals, and 43-plus caudals. A 
proatlas is unknown in dromaeosaurids, although it is known 
in some other coelurosaurs. The atlas intercentrum and neu- 
rapophyses are not fused as in Aves. As in other theropods, the 
atlas intercentrum is cranially concave and caudally convex. 
The neurapophyses bear elongate epipophyses that extend be- 
yond the postzygapophyseal facet in both Deinonychus and 
Saurornitholestes. 

The axis has a long and slender pneumatically invaded cen- 
trum. The odontoid and the axial intercentrum probably fuse 
to the centrum early in ontogeny. The neural arch bears an elon- 
gate neural spine that is roughly triangular in lateral view. The 
dorsal edge is cranially concave in Deinonychus but straight to 
slightly convex in Velociraptor and Saurornitholestes. It is more 
robust in Deinonychus than in Velociraptor. The axis bears well- 
developed epipophyses that extend beyond the postzygapophy- 
ses in both Deinonychus and Velociraptor. 

The centra of the postaxial cervicals are shorter and wider 
than those of other coelurosaurian theropods, such as ornitho- 
mimids. The intercentral articular faces are highly angled in the 
cranial cervicals, giving the neck a pronounced sinusoidal cur- 
vature (Ostrom 1969b; Barsbold 1983a). The cervical centra are 
platycoelous or gently amphicoelous, the caudal surface of the 
centrum often slightly more concave. The cranial face of the cen- 
trum is wide and low, and the parapophysis is situated low on 


DROMAEOSAURIDAE 201 


the ventrolaterally extended corner of the centrum, giving the 
centrum a reniform appearance in cranial view (Gauthier 1986). 
In ventral view the centrum is wide cranially and narrows cau- 
dally, and the ventral surface of the centrum is shallowly con- 
cave along its proximal half. Carotid processes are not present in 
any dromaeosaurid. 

The neural arches are wide in dorsal view and bear well- 
developed epipophyses. The cranial postaxial cervicals have tall, 
straight neural spines, but these become shorter in more caudal 
vertebrae. Neural spines are proportionately taller in Deinony- 
chus than in Velociraptor. The prezygapophyses of the three or 
four cranialmost postaxial cervicals are strongly convex in the 
transverse plane (Ostrom 1969b), a character seen in some, but 
not all, coelurosaurs (contra Gauthier 1986). A transverse lamina 
connects the postzygapophyses of the third and fourth cervi- 
cals, giving the neural arch a straight caudal border dorsally. 
On the third through sixth cervicals, the prezygapophyses are 
longer than the postzygapophyses and the distance between 
the left and right prezygapophyses is smaller than between 
the postzygapophyses. Beginning with the seventh cervical, the 
prezygapophyses shorten and are farther apart than the post- 
zygapophyses, which are proportionally more elongate than 
in the preceding vertebrae. 

The dorsal centra are short and spool-shaped, and the caudal 
trunk vertebrae are significantly wider than long, unlike in many 
other maniraptorans (Makovicky and Sues 1998; Norell and 
Makovicky 1999). Their length is uniform over the entire dorsal 
series, and the articular surfaces of the centra are platycoelous in 
the proximal dorsals, tending to become amphiplatyan cau- 
dally. The cranial three to four trunk vertebrae bear a hypa- 
pophysis that varies from deep and bladelike in Saurornitholestes 
to more robust and tuberlike in Velociraptor. 

The neural arches of the first two dorsals are transitional be- 
tween the cervical vertebrae and more caudal trunk vertebrae, 
and small, tuberlike epipophyses occur in these first two dorsals. 
Except in the cranialmost dorsals the neural spines are rather 
tall, twice as deep as tall, and almost vertical. The distal tip of 
the neural spines is transversely flared in both Velociraptor and 
Deinonychus. The scars for interspinous ligaments are well de- 
veloped but do not reach all the way to the tip of the spine. Dro- 
maeosaurid trunk vertebrae are characterized by enlarged para- 
pophyses that are raised from the centrum on pedicles, a feature 
also found in Unenlagia comahuensis. The transverse process of 
the first dorsal is wide and almost horizontal, but those of the 
succeeding dorsals gradually become raised and narrower and 
extend caudolaterally. The last four or five dorsals approaching 
the sacrum have shorter, horizontal transverse processes and 
bear reduced ribs. The last dorsal has a transitional, dorsosacral 
appearance. Its neural spine may fuse with the first sacral spine 
in older individuals, and the transverse processes bear single- 
headed ribs. The centrum is not co-ossified with the first sacral 
centrum, and the postzygapophyses are free. 

Seven to eight vertebrae are covered by the iliac blades and 
have modified transverse processes and/or ribs, but only five or 
six sacrals are co-ossified to form a synsacrum, with ribs im- 
movably attached to the ilium. Complete incorporation of 
the caudosacral vertebra occurs late in ontogeny (Norell and 
Makovicky 1999). The synsacrum often bears a shallow groove 
along the ventral midline of the midsacral centra, but this fea- 
ture varies among individuals of Velociraptor and Saurornitho- 
lestes. The sacral spines are fused to form a continuous lamina, 
on either side of which the fused zygapophyses form a sinuous 
ridge. This ridge is observed in the Early Cretaceous theropod 
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“Ornithodesmus” cluniculus (Howse and Milner 1993), which could 
represent what is as yet an indeterminate dromaeosaurid from 
Europe. The fused transverse processes and sacral ribs broaden 
caudally, reflecting the wider separation of the postacetabular 
parts of the ilia. The ribs of the fourth and fifth sacral vertebrae 
may fuse distally to enclose an intercostal fenestra. 

The first two caudals have short, boxlike centra (Gauthier 
1986), but the centra become progressively longer and lower to 
about the tenth caudal, after which their length remains ap- 
proximately constant. Beyond the twenty-fifth caudal, their 
length decreases again. Pre- and postzygapophyses are strongly 
inclined and face almost medially and laterally, respectively, in 
the first ten caudals, but these facets become proportionately 
much smaller in the vertebrae that bear elongate prezygapo- 
physes. In the first five or six caudals the transverse processes are 
distally flared and backswept, but they are reduced distal to this 
and absent beyond the eleventh caudal. From the eleventh cau- 
dal backward, the prezygapophyses bear elongate bifid exten- 
sions (figs. 10.5, 10.6) that travel forward, flanking the neural 
arch in interwoven bundles for a distance of up to ten preced- 
ing vertebrae. This specialized caudal anatomy is observed in 
Deinonychus, Velociraptor, Saurornitholestes, Sinornithosaurus, and 
Achillobator. The maximum cranial extent of these rods is to the 
fifth or fourth caudal, but the rods are few at this location and 
do not form acompact bundle. The neural spines are moderately 
deep in the proximal caudals and near vertical in the first two 
caudals but lean strongly caudally in more distally placed verte- 
brae, overhanging the caudal end of the centrum. By the four- 
teenth caudal the neural spine is reduced to a rounded ridge, 
and it is absent in the caudal half of the tail. 

Recent discoveries of articulated specimens of Velociraptor 
have provided insights into the complex anatomy of the rib 
cage. The cervical ribs are short and fuse to the vertebrae in older 
individuals. The proximal portion of the cervical rib is deep 
with an abbreviated cranial process and a short, caudoventrally 
extended shaft. The capitulum is craniocaudally extended, but 
the tubercular portion of the rib is slightly elongate and the tu- 
berculum is small. A deep concavity separates the capitulum and 
the tuberculum. Together with the side of the centrum medially 
and the lateral lamina of the neural arch dorsally, the successive 
cervical ribs form a canal homologous to the foramen transver- 
sarium of Aves. 

The rib of the eleventh presacral represents the first thoracic 
rib. The cranial three thoracic ribs were in contact with ossified 
ventral ribs in Velociraptor (Norell and Makovicky 1999), and 
isolated ventral ribs are also reported for Deinonychus (Ostrom 
1969b). The sternum of Sinornithosaurus may have articulated 
with as many as five ventral ribs (Xu et al. 1999). Although rarely 
preserved, uncinate processes are preserved in contact with the 
third through seventh thoracic ribs in at least one specimen 
of Velociraptor and specimens of Microraptor (Hwang et al. 2002). 
Three cranial processes cross obliquely over three successive 
ribs, and two shorter distal processes cross two ribs. Behind the 
sternum is a basket of gastralia, which bounds the thoracic 
cavity ventrally and apparently reached the pubic boot. As ina 
number of other maniraptorans, the medial gastralia are much 
shorter than the lateral elements with which they contact. The 
medial gastralia have tapering lateral ends with a flattened sur- 
face for contact with the lateral elements and complex ventral 
and dorsal articular facets where they articulate with medial 
elements from the opposite side of the body (Norell and Ma- 
kovicky 1997). These facets are more developed in Deinonychus 
than in Velociraptor. Fused midline gastralia are rare or absent 


FIGURE 10.5. Caudal vertebrae and chevron of Deinonychus antirrhopus: A, lateral view; B, dorsal view; C, tail section showing elongate prezyga- 


pophyses and chevrons. Scale = 10 cm. (From Ostrom 1969b.) 


ORT 


FIGURE 10.6. Achillobator giganticus: A-D, caudal vertebrae; E, penultimate and terminal phalanges of pedal digit I; 
F, G, caudal chevron in F, dorsal, and G, lateral views. Scale = 4 cm (A, B), 6 cm (C, D), 3 cm (E), 8 cm (F, G). (From Perle 


et al. 1999.) 


in dromaeosaurids, although they are common in some other 
theropods. 

The most proximal chevron is articulated between the last 
sacral and the first caudal in at least one Velociraptor specimen, 
but this may vary among individuals or according to sex. The 
three to four most proximal chevrons are dorsoventrally elon- 
gate, as in most theropods. They are flat and platelike in cross 
section, unlike the more rounded chevrons of basal tetanurans. 
From the third chevron back, the distal end becomes cranio- 
caudally expanded. The eleventh chevron is the most proximal 
one to be transversely expanded and to bear elongate cranial ex- 
tensions. This and all more distal chevrons bear cranial exten- 
sions that resemble those of the caudal prezygapophyses in be- 
ing bifid, slender rods extending forward along several caudals. 
Just like the modified prezygapophyses, the chevron rods form 
bundles along the ventrolateral tail surface. Modified chevrons 
are known in Velociraptor, Deinonychus, Achillobator, Saurornitho- 
lestes, Microraptor, and Sinornithosaurus. 


APPENDICULAR SKELETON 


The complete pectoral girdle is known in Velociraptor; it com- 
prises the scapulocoracoids, the furcula (Norell et al. 1997; Norell 
and Makovicky 1999), and sternal plates. The long, slender scap- 
ula widens slightly distally. The scapular blade is twisted along 
its long axis, causing the external surface of the scapula to grad- 
ually change its orientation from facing laterally at the coracoid 
contact to facing dorsolaterally at the distal end, a feature first 
noticed in Unenlagia comahuensis (Novas and Puerta 1997). The 
acromion is moderately developed and everted cranially. 

The thin coracoid is large proximodistally and dorso- 
ventrally and has a short ventral coracoid process in most 
dromaeosaurids. The biceps tubercle is prominent and placed 
close to the caudal margin of the coracoid, forming a subglenoid 
fossa along the caudal margin of the coracoid (Norell and 
Makovicky 1999). The glenoid faces caudolaterally, especially if 
the scapulocoracoid is articulated with the enlarged sterna. 
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FIGURE 10.7. Furculae in cranial view: A, Bambiraptor feinbergorum; 
B, Velociraptor mongoliensis. Scale = 1 cm. (A from Burnham et al. 2000; 
B after Norell and Makovicky 1999.) 


A slender V-shaped furcula with a short hypocleideum is 
known in two specimens of Velociraptor (fig. 10.7; Norell et al. 
1997; Norell and Makovicky 1999). The interclavicular angle is 
approximately 103°, similar to the open angle of other non- 
avialan theropods. The epicleideal region is tapered and flat 
and does not participate in a triosseal canal as in Aves. The fur- 
cula of Bambiraptor, Microraptor, and Sinornithosaurus lacks hypo- 
cleidia, and the interclavicular angles are slightly greater than 
in Velociraptor mongoliensis. 

The sternal plates abut on the midline but are not fused. Each 
plate is roughly trapezoidal in dorsal view and has a concave 
costal margin between the tip of the coracoid articulation and 
the lateral xiphoid process. Although a perfect costal margin is 
not preserved in any dromaeosaurid, each sternal plate articu- 
lates with three ventral ribs in Velociraptor, up to five in Sinor- 
nithosaurus millenii (Xu et al. 1999), and perhaps four or more in 
Bambiraptor feinbergorum (Burnham et al. 2000). The cranial edge 
of each sternal plate bears a pronounced groove for reception of 
the coracoid. 

Dromaeosaurid forelimbs are among the longest in thero- 
pods, the ratio of forelimb length to hindlimb length being 
about 65% in Velociraptor, 70% in Deinonychus, and 80% in 
Sinornithosaurus. 

The humerus is slender and twisted. It has a caudally de- 
flected proximal end and a moderately developed deltopectoral 
crest that is restricted to the proximal third of the humerus in 
Deinonychus and to the proximal quarter in Velociraptor. The shaft 
is almost straight in Velociraptor and slightly sigmoid in Deinony- 
chus. The internal tuberosity is prominent and extended down- 
ward in Deinonychus but narrow and longitudinally short in Ve- 
lociraptor. Amuscle scar probably for M. triceps is situated on the 
caudolateral surface of the humerus near the ventral end of the 
deltopectoral crest in Deinonychus, Velociraptor, and Unenlagia. 

The forearm length is 75% of the humerus length in Deinony- 
chus and 70% in Velociraptor, and there is a large space between 
the shafts of the radius and ulna, the latter bone concave toward 
the radius. The proximal ulnar articulation is divided into two 
distinct facets, as in many avialans, and the caudal edge of the 
olecranon is a sharp ridge in Velociraptor but not in Deinonychus. 
The radius is straight with proximal and distal articulations 
expanded perpendicularly to one another. 

Only two bones are known in the dromaeosaurid carpus as 
seen in Deinonychus and some Velociraptor specimens. The distal 
and larger of the carpals is the maniraptoran semilunate bone, 
whose exact homology has been the subject of much debate. 
Immovably attached but not fused to the proximal surfaces of 
the first and second metacarpals, it covered them entirely. The 
proximal surface of the semilunate carpal is mediolaterally 
arched and bears a wide, trochlear groove. The second carpal is 
an elongate bone, subtriangular in cross section and more than 
half as large as the semilunate carpal. It slid within the wide 
proximal groove of the semilunate carpal and allowed for a lat- 
eral excursion of the manus as in the wing-folding mechanism 
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of Aves. At present the homology of this latter carpal cannot 
be established, although it was considered the ulnare by Ostrom 
(1976b) and the radiale by Barsbold (1983a). The peculiar carpus 
structure in Deinonychus and Velociraptor is characteristic of 
many coelurosaurs, including, troodontids, oviraptorids, and 
Archaeopteryx. Presently it is known that there is a difference in 
the number of carpals between dromaeosaurids and Archaeop- 
teryx, the latter having three carpals, including a small bone, 
perhaps the ulnare, at the proximal extremity of metacarpal III, 
below the distal end of the ulna. 

The dromaeosaurid manus is tridactyl and long (fig. 10.8); it 
constitutes about 40% of the forelimb length and about 90% of 
the pes length in Deinonychus but only about 75% in Velociraptor. 
Metacarpal I is half as long as metacarpal II; the most robust el- 
ement in the dromaeosaurid manus, it is triangular in proximal 
view. Metacarpal II] is slightly shorter and much thinner than 
metacarpal II. Its proximal end is flattened mediolaterally and 
displaced toward the palmar side of metacarpal II. There is a dif- 
ference between metacarpals III in Deinonychus and Velociraptor: 
in the former the shaft is curved and the proximal articular sur- 
face bears a strong, proximoventral process, whereas in the lat- 
ter the shaft is straight and there is no process. All digits end in 
large curved claws with a small lip on their proximodorsal extrem- 
ities. The second digit is the longest of the hand. As in Archae- 
opteryx, but not in other coelurosaurs, the second and third 
phalanges of digit III are extremely abbreviated (Gauthier 1986). 

The ilium has a longer postacetabular than preacetabular 
process (fig. 10.9), especially in Achillobator. The postacetabular 
process narrows caudally to an acute, thickened end, and in dor- 
sal view the opposing postacetabular processes diverge from the 
midline. The pubic peduncle of the ilium is deep dorsoventrally, 
unusually long craniocaudally, and craniolaterally concave; its 
cranial part is overhung by the laterally everted margin of the se- 
verely reduced cuppedicus shelf. The acetabulum is wide medio- 
laterally, especially along the caudal face of the pubic peduncle, 
and there is no supracetabular crest. The ischial peduncle is 
shorter and shallower than the pubic peduncle, and there is a 
prominent antitrochanter adjacent to the articular surface for 
the ischium. The brevis fossa is well developed but shallow. 

The pubis is strongly retroverted and long, about 10%-20% 
longer than the ilium, except in Achillobator, which has a pro- 
portionately shorter pubic shaft. The proximal end of the pubis 
is expanded and articulates dorsally with the ilium and caudally 
with the ischium. The pubis forms the cranial half of the ventral 
margin of the acetabulum. In Velociraptor the cranial edge of the 
proximal end bears a large tuber, probably for the insertion of 
M. ambiens. Below the acetabular portion the pubic shaft is thin 
and craniocaudally flattened. The pubic apron is present along 
the distal third of the shaft except in Achillobator, where it is 
more extensive. Among dromaeosaurids a complete pubic boot 
is only known in Adasaurus, Sinornithosaurus, and Achillobator. 
It is deep and rounded, bearing only a short caudal process in 
Adasaurus. The partially preserved pubic boots of several Veloci- 
raptor specimens suggest a similar shape. The distal symphysis in 
Deinonychus and Achillobator is expanded both cranially and 
caudally and is proportionately large. 

The ischium is short in relation to the pubis in Deinonychus 
but longer in other taxa. Dromaeosaurid ischia are generally of 
similar shape and roughly resemble the ischia in other mani- 
raptorans in having a distally situated short, triangular obtura- 
tor process. Dromaeosaurids have an obturator process deflected 
medially at an obtuse angle relative to the flat lateral face of 
the ischium, a condition that differs from the laterally concave 
ischia of oviraptorids and troodontids. A small tab projects cra- 


FIGURE 10.8. Manus and pes of Deinonychus antirrhopus: A, B, left manus in A, dorsal, and B, medial views; C, manual 
digits in medial views; D-F, left pes in D, dorsal, E, cranial, and F, medial views. Note the large development of the sec- 
ond ungual and the highly modified form of the penultimate phalanx. The position of digit I has been modified from 
the reversed position to the condition in nonavialan theropods (Norell and Makovicky 1997). Scale = 5 cm (A-E), 10 cm 


(F). (Modified from Ostrom 1969b.) 


nially from the proximal part of the ischial shaft in Velociraptor 
and Deinonychus. The ischia are generally unfused distally. The 
ischium of Achillobator is more primitive and has a proximally 
situated obturator process. 

The length of the hindlimb (femur, tarsometatarsus, and 
metatarsal III) is about twice that of the trunk vertebrae com- 
bined (Sereno 1997). The femur is 10%-20% shorter than the 
tibia in all taxa but Achillobator, in which the femur is longer 
than the tibia. The shaft is slightly bowed lateromedially. The 
femoral head is almost perpendicular to the long axis of the 


bone. The greater trochanter is large and weakly separated from 
the head. The cranial trochanter is robust and slightly extended 
cranially. It is placed below the greater trochanter and separated 
from the latter by a shallow groove in all taxa but Achillobator. 
The fourth trochanter is absent in most dromaeosaurids, except 
for a large individual of Velociraptor (Norell and Makovicky 
1999). The distal condyles are separated by an open popliteal 
fossa, and there is no tibiofibular crest on the lateral condyle. 
The fibula is thin and attaches to the tibia along most of its 
length. The fibular head is slightly concave medially and there 
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FIGURE 10.9. Pelves: A, Adasaurus mongoliensis; B, Bambiraptor feinbergorum; C, Velociraptor mongoliensis. 
Scale = 2 cm. (A from Barsbold 1983a; B from Burnham et al. 2000; C after Norell and Makovicky 1997.) 


is no fibular fossa. The iliofibularis tubercle is weak and directed 
craniolaterally. The fibula reaches the calcaneum but does not 
co-ossify with it. The tibia has a single cnemial crest, which is 
moderately developed and cranially directed. Distally the cne- 
mial crest bears a small lateral boss, or tuber, in Velociraptor and 
Achillobator, a feature not seen in other maniraptorans. 

The proximal tarsals adhere to the bones of the crus but do 
not fuse completely (fig. 10.9). The calcaneum is narrow, occu- 
pies no more than one-sixth of the distal surface of the tarso- 
metatarsus, and is laterally concave. It is fused to the astragalus 
in several Velociraptor specimens but is separate in Deinonychus. 
The astragalus has a well-developed medial condyle that extends 
cranially; the ascending process is shallow, extending proxi- 
mally for about one-sixth to one-seventh of the tibia length. 
Distally two flat tarsals cap the metatarsals. These may partially 
fuse to each other and to the metatarsals in Velociraptor (Norell 
and Makovicky 1999). 

The pes is functionally didactyl for walking because the first 
toe is strongly reduced in length, whereas the second bears 
an enlarged, sicklelike claw that evidently was carried off the 
ground during locomotion. The metatarsus is short, with three 
well-developed, tightly articulated middle metatarsals, and re- 
duced first and fifth metatarsals, the latter a thin, splintlike 
bone devoid of the distal articular surface. Metatarsals II-IV are 
of approximately the same thickness except in more primitive 
members such as Microvenator and Sinornithosaurus, where it is 
subarctometatarsalian. The metatarsi only slightly differ in 
length; metatarsal I] is the longest and metatarsal Il is the short- 
est. The distal articular surface of metatarsal II is ginglymoid, 
ensuring a precise plane of rotation for the second toe, a feature 
unique to dromaeosaurids and the basal avialan Rahonavis. Meta- 
tarsal II] is also ginglymoid, another feature unique to dromaeo- 
saurids among theropods. 

As in most other coelurosaurs, the first toe attaches to the 
medial surface of metatarsal II at about its midlength and is 
craniomedially directed. The two proximal phalanges of the 
second toe are modified. The first phalanx has a prominent, prox- 
imodorsally expanded ginglymus, allowing for hyperextension 
of the second phalanx, which in turn has an extensive gingly- 
moid distal articulation covering an arc in excess of 220°, which 
ensured extensive flexion of the ungual. Additionally, the 
proximal articular surface of the second phalanx has a greatly 
elongate, massive heel-like ventral process, presumably pro- 
viding leverage for insertion of the enlarged flexor muscle and 
strengthening the joint between the first and second phalanges. 
The ungual is large, narrow, sharp, and strongly curved in most 
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dromaeosaurids. However, its shape and size may vary even 
within the same species. Dromaeosaurids have asymmetrical 
claw grooves on the phalanx of the second toe, with the lateral 
groove situated dorsal to the medial one (Kirkland et al. 1993). 


Integument 


Several dromaeosaurids collected from Lower Cretaceous rocks 
in Liaoning, China, preserve integumentary coverings (Xu et al. 
1999; Jiet al. 2001; Norell et al. 2002). The best preserved of these 
have several kinds of structures: single filaments, bunches, and 
branched structures that are dispersed over the entire body (Ji 
et al. 2001). A strong case for feathers of modern aspect, that is, 
having a central rachis and barbs, can be made for Sinornitho- 
saurus (Xu et al. 2001), and they are definitively present in an 
unnamed dromaeosaurid from the Jiufotang Formation (Norell 
et al. 2002). The latter specimen has large feathers at the end 
of the tail. The function of these feathers is unknown, but the 
origin of feathers obviously is decoupled from the origin of 
flight. 


Systematics and Evolution 


Matthew and Brown (1922), Colbert and Russell (1969), and 
Ostrom (1969a) all considered to some extent the relationship 
of dromaeosaurids to other theropods. However, it was Ostrom 
who first noticed close similarities between dromaeosaurids 
and birds (Ostrom 1973) and, in his later papers (Ostrom 1975a, 
1975b, 1976a, 1985, 1990), convincingly advocated his hypoth- 
esis of a close relationship between this group of theropods and 
the birds. Ostrom’s hypothesis has gained strong support from 
many subsequent papers, starting with Gauthier’s (1986) pio- 
neering and thorough analysis. 

Barsbold (1983a) recognized Velociraptorinae and Dromaeo- 
saurinae within Dromaeosauridae, and this subdivision was 
confirmed by Currie (1995), although the two authors proposed 
different definitions and contents for these subfamilies. Cur- 
rie (1995) provided a matrix summarizing the distribution of 
27 characters relevant to dromaeosaurid phylogeny. Currie’s 
review lists 21 characters diagnostic of a monophyletic Dro- 
maeosauridae. Furthermore, he split Dromaeosauridae into a 
monophyletic Velociraptorinae (Velociraptor mongoliensis, Dei- 
nonychus antirrhopus, Saurornitholestes langstoni, and probably 
Utahraptor ostrommaysi) supported by three characters and 
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FIGURE 10.10. Phylogeny of Dromaeosauridae. (After Hwang et al. 2002.) 


Dromaeosaurus albertensis. Several characters in his diagnosis, 
however, are also found in putatively closely related groups, 
such as troodontids. 

Xu et al. (1999) accepted the monophyly of Velociraptorinae 
and Dromaeosaurinae and found them to be sister taxa. Sin- 
ornithosaurus millenii was found to be the sister taxon of the 
velociraptorine-dromaeosaurine group and represents the most 
primitive dromaeosaurid. Because Dromaeosaurinae is com- 
posed of a single species and more primitive basal members of 
Dromaeosauridae are being commonly described, recognition 
of these subfamilies is of little use in clarifying dromaeosaurid 
relationships. 

The phylogenetic analysis presented here is a derivative of 
the Theropod Working Group matrices found at http://research 
.amnh.org/users/norell/index.html. The tree shown in figure 
10.10 is a small segment of a more complete analysis of the 
majority of nonavian coelurosaur taxa. It is based on 220 char- 
acters and 50 taxa and was rooted on Allosaurus (see chapter 6). 
Analysis yielded 432 trees with a length of 586 steps and a Cl of 
0.45. Because of the large amount of missing data and the lack 
of an opportunity to examine the specimens firsthand, some 
dromaeosaurid taxa were not included in the analysis. 

Like Xu et al. (2002a) and Hwang et al. (2002), this analysis 
found dromaeosaurids to be the sister group of troodontids. This 
group forms a monophyletic Deinonychosauria as the sister 
group to Avialae. Dromaeosaurid monophyly is supported by a 
number of postcranial synapomorphies, mainly from the verte- 
bral column. These include cervicals with short centra and large, 
distally placed epipophyses; dorsal vertebrae with parapophyses 
projected on pedicels; and hyperelongate prezygapophyses on 
the distal caudal vertebrae. A well-developed ginglymoid distal 
articulation on metatarsal II is also diagnostic of dromaeo- 
saurids. Within the consensus tree can be found little structure 
aside from the position of Microraptor and Sinornithosaurus as se- 
quential sister taxa relative to an unresolved polytomy of other 
dromaeosaurids. Monophyly of higher dromaeosaurids to the 
exclusion of Microraptor is supported by the secondary loss of 
a constriction between the roots and crowns of the teeth. All 
other nodes are only supported by ambiguous character opti- 
mizations. Exclusion of the fragmentary Adasaurus mongoliensis 
leads to no change in tree length, suggesting that this taxon 
acts as a wildcard due to a large amount of missing data. With 
Adasaurus excluded, a monophyletic clade comprising Dromaeo- 
saurus, Achillobator, and Deinonychus is recovered, supported 


ambiguously by possession of D-shaped premaxillary teeth (un- 
known in Achillobator) and a reversal to vertical pubic orienta- 
tion (unknown in Dromaeosaurus). 

Taking each dromaeosaurid species in turn, Achillobator gi- 
ganticus Perle, Norell, et Clark, 1999, is one of the largest dromaeo- 
saurids. It can be referred to Dromaeosauridae on the basis of 
caudal vertebrae with elongate prezygapophyses and chevrons 
and a modified second pedal digit. Metatarsals II and III are 
strongly ginglymoid distally. A. giganticus is unusual among 
dromaeosaurids in that the pelvis apparently is not opistho- 
pubic and the pubis displays a large pubic boot. Burnham et al. 
(2000) questioned the validity of this taxon, suggesting that it 
might be a composite. However, the specimen was found semi- 
articulated (Perle, pers. comm.), and although some features are 
atypical of dromaeosaurids (e.g., the large pubic boot and the 
subvertical pubis), it has dromaeosaurid affinities in exhaus- 
tive analyses of coelurosaurian phylogeny (Norell et al. 2001; 
Hwang et al. 2002; Xu et al. 2002b). 

Adasaurus mongoliensis comes from the Bayanshiree Forma- 
tion of Ulaan Dzhalzai, near Sainshand, Mongolia (Barsbold 
1983). It lacks a skull but comprises most of the major elements 
of the postcranium. A. mongoliensis is referred to Dromaeo- 
sauridae on the basis of elongate prezygapophyses on the tail, 
an opisthopubic pelvis, and a reduced cuppedicus shelf that 
descends onto a broad pubic peduncle. It differs from other 
dromaeosaurids in having an indented cranial margin of the 
ilium, extremely robust hindlimbs, and a reduced raptorial un- 
gual on pedal digit II. 

Bambiraptor feinbergorum is known from a single well-preserved 
skeleton (Burnham et al. 2000). It is obviously a dromaeosaurid, 
as it shares with other taxa elongate caudal vertebral pre- 
zygapophyses and chevrons, a T-shaped lacrimal, and a modi- 
fied second pedal digit. B. feinbergorum is purported to have a 
number of unique features that are more birdlike than those of 
other dromaeosaurids; however, these are probably accentuated 
by the juvenile nature of the skeleton. Furthermore, it differs 
from Saurornitholestes only in the amount of frontal participa- 
tion on the orbit. Again, this character is likely influenced by the 
subadult nature of the known remains. Awaiting a more com- 
plete analysis of unpublished Saurornitholestes remains, B. fein- 
bergorum is provisionally recognized as discrete from Saur- 
ornitholestes. Burnham et al. (1997) attributed this specimen to 
Velociraptor. 

Deinonychus antirrhopus is the best-known North American 
dromaeosaurid (Ostrom 1969a). Several specimens have been 
collected, most of them found in assemblages of several dis- 
articulated individuals. D. antirrhopus is referable to dromaeo- 
saurids on the basis of elongate prezygapophyses and chevrons 
of the caudal vertebrae, a retroverted pubis, an ilium that lacks 
a postorbital shelf, and a spike on the retroarticular process of 
the articular. Ostrom (1976b) estimated that it would have been 
about 3 m long. 

Dromaeosaurus albertensis is known froma fragmentary skull, 
a few pedal bones, and a left metacarpal I (Matthew and Brown 
1922). It can be referred to Dromaeosauridae on the basis of a 
frontal with a broad, flaring postorbital process of the frontal 
and a sinuous rostral border of the supratemporal fenestra; a 
long dorsal process on the medial side of the articular; distally 
twisted paroccipital processes; and a lateral process on the qua- 
drate shaft that overlaps the quadratojugal and the squamosal. 
Dromaeosaurus is distinguished by a braincase that is largely 
nonpneumatized except for the caudal tympanic recess and 
D-shaped premaxillary teeth, seen otherwise only in Utahraptor 
among dromaeosaurids. Furthermore, the maxillary and den- 
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tary teeth have an unusual carina that twists toward the lingual 
surface distally. 

Hulsanpes perlei is known from a right metatarsus and a first 
phalanx of metatarsal II (Osmolska 1982). Osmolska (1982) re- 
ferred the taxon to Dromaeosauridae based on the presence of 
ginglymoid distal ends of metatarsals II and III and the parallel 
arrangement of the subequally developed metatarsals II, III, and 
IV. Digit II] is larger than digit II, and the ginglymoid end of digit 
II is not obvious, lacking the deep groove characteristic of 
dromaeosaurids (Ostrom 1969b). We found no derived charac- 
ters allowing referral of this taxon to Dromaeosauridae. 

Microraptor zhaoianus is the smallest known dromaeosaurid 
(Xu et al. 2000). It is unique among dromaeosaurids in having 
teeth that are serrated only on the distal carina and constricted 
between the crown and root, as well as long midcaudal vertebrae 
that are three to four times the length of the cranial dorsal ver- 
tebrae (Xu et al. 2000). Like Sinornithosaurus, it also has a sub- 
arctometatarsalian foot. 

“Ornithodesmus” cluniculus is known from an isolated sacrum 
that Seeley (1887b) referred first to Aves and later to Pterosauria 
because the cranial centra were pneumatized. Howse and Milner 
(1993) reevaluated the affinities of the sacrum and identified it 
as troodontid based mainly on comparisons with an isolated 
sacrum from the Campanian Dinosaur Park Formation, which 
they believed to be Troodon formosus. The latter sacrum differs 
from that of T. formosus, however, and compares more favorably 
with sacra referred to Saurorntiholestes langstoni (Norell and 
Makovicky 1997). Similarities between “O.” cluniculus and some 
dromaeosaurids include the pneumatization of the cranialmost 
one or two sacral centra and the presence of a sinuous ridge 
along the surface of the neural canal formed by the fused sacral 
zygapophyses. “O.” cluniculus may represent an Early Cretaceous 
dromaeosaurid (Barsbold and Osm6lska 1999), but its affinities 
are currently ambiguous. 

Saurornitholestes langstoni is known from several fragmentary 
skeletons and isolated skeletal elements (Sues 1978). It can be re- 
ferred to Dromaeosauridae on the basis of the T-shaped frontal 
with large postorbital processes and a sinuous curve to the ros- 
tral border of the supratemporal fenestra. Definitively diagnos- 
tic characters of this form have not been proposed, and authors 
have concurred that it is similar to both Deinonychus (Ostrom 
1990) and to Velociraptor (Paul 1988a, 1988b). 

Sinornithosaurus millenii is the smallest dromaeosaurid known 
from a near complete skeleton (Xu et al. 1999). It can be referred 
to Dromaeosauridae on the basis of bundles of elongate pre- 
zygapophyses and chevrons in the tail, a sinusoidal frontal mar- 
gin of the supratemporal fenestra, and an enlarged quadrate 
foramen. This specimen is remarkable not only because it is the 
earliest-known dromaeosaurid but also because it preserves 
elongate integumentary structures associated with the skeleton. 
These structures are elongate filaments that are oriented per- 
pendicular to bony elements. S. millenii has a large sternum and 
the most elongate forelimbs among dromaeosaurids. Other di- 
agnostic characters of this taxon include a coracoid fenestra 
and a rugosely textured antorbital fossa. 

Unenlagia comahuensis is known from a single partial post- 
cranium (Novas and Puerta 1997). Although Novas and Puerta 
(1997) suggested that U. comahuensis was a phylogenetic inter- 
mediate between nonavian dinosaurs and Avialae, Norell and 
Makovicky (1999) pointed out many similarities between it 
and dromaeosaurids. These include stalked parapophyses and 
an expanded distal neural spine on the dorsals that forms a 
spine table. Many of the features thought to link U. comahuensis 
and Avialae are also known to occur in dromaeosaurids, such as 
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the subhorizontal position of the scapula and the laterally fac- 
ing glenoid. 

Utahraptor ostrommaysi the largest known dromaeosaurid, 
is based on disarticulated materials of several individuals (Kirk- 
land et al. 1993). U. ostrommaysi is referable to Dromaeosauridae 
on the basis of a modified, raptorial digit II of the pes and the 
presence of elongate prezygapophyses on the distal caudal verte- 
brae. In the premaxilla, interdental plates are apparent but fused 
to one another. The premaxillary teeth are similar to those of 
Dromaeosaurus albertensis in being D-shaped in cross section. 

Variraptor mechinorum is based on a fragmentary skeleton 
composed of a sacrum and a dorsal vertebra (Le Loeuff et Buf- 
fetaut, 1998). Several other elements, including a humerus and 
a femur, have been referred to this taxon. The vertebrae are gen- 
erally similar to those of dromaeosaurids in having large hypa- 
pophyses and pleurocoels. However, this material exhibits no 
unambiguous dromaeosaurid diagnostic features. Consequently, 
allocation of this taxon to Dromaeosauridae is pending collec- 
tion of more complete material. 

Velociraptor mongoliensis is the best-known dromaeosaurid 
(Osborn 1924), although detailed descriptions are only now 
beginning to appear (Norell and Makovicky 1997, 1999; Norell 
et al. 1997; Barsbold and Osmolska 1999). More than a dozen 
articulated specimens have been collected. V. mongoliensis can 
be assigned to Dromaeosauridae based on the sinusoidal frontal 
margin of the supratemporal fenestra, a caudolateral process 
on the squamosal that overhangs the quadrate, an enlarged 
quadrate foramen, elongate cranial processes on the pre- 
zygapophyses of the distal caudals and chevrons, and a raptorial 
digit II of the pes. It is unique among dromaeosaurids in having 
a thin but elongate subnarial process on the premaxilla, a long, 
low muzzle with a dorsally concave profile, and three pneumatic 
recesses surrounding the middle ear. However, many of these 
features are not comparable with those of other, more fragmen- 
tary dromaeosaurid taxa. 


Biogeography 


Since the consensus tree is unresolved, biogeographical infer- 
ences are limited. Nevertheless, both the major diversity of the 
group and its most primitive members (as well as the most prim- 
itive members of its sister group, Troodontidae (Xu et al. 2002b), 
which are Asian, support an Asian origin for the group. A more 
complete biogeographic history of Dromaeosauridae detailing 
their global distribution must await further phylogenetic reso- 
lution in the group. 


Paleoecology 


Much has been written about the habits and lifestyle of dro- 
maeosaurids (see Ostrom 1990, 1994). With the discovery of 
several new dromaeosaurid taxa, it can be determined that 
dromaeosaurids occupied a great diversity of habitats, from 
floodplain swamps (Deinonychus, Dromaeosaurus, and Saur- 
ornitholestes) to arid sandy habitats (Velociraptor). Their bipedal 
gait and specializations of the claws and teeth leave little doubt 
that these animals were carnivorous predators. However, aside 
from some of the functional analyses of the foot and hands pre- 
sented by Ostrom (1969b, 1997), the constraints of studying the 
function and behavior of fossil animals allow us to do little more 
than speculate about the available fossils (for discussion of this 
issue see Clark et al. 1999; Clark 1999). 


Most discussions of dromaeosaurid lifestyle have focused on 
the enlarged raptorial second pedal digit. This element is devel- 
oped to varying degrees in dromaeosaurid taxa, from extremely 
large in Velociraptor and Deinonychus to small and troodontid- 
like in Adasaurus (see Barsbold 1983a). It is likely that during 
life some dromaeosaurids (e.g., Deinonychus) were functionally 
didactyl (Ostrom 1969b; Wu and Russell 1997). The use of the 
enlarged second digit for killing has been speculated on by Os- 
trom (1969a, 1969b, 1976a, 1990) and is perhaps corroborated 
by the fighting-dinosaur specimen. Based on the presence of 
several shed teeth at putative kill and scavenging sites of the or- 
nithopod Tenontosaurus, it has been suggested that Deinonychus 
was a pack animal (Maxwell and Ostrom 1995). The finding of 
several specimens together has also been used as evidence to 
support this view (Ostrom 1994). An extreme variant of this view 
has been proposed by D. L. Brinkman et al. (1998), who sug- 
gested that rather than pack hunting, the pack of Deinonychus 
preserved at the Yale site may have “resembled an opportunistic 
feeding frenzy of sharks or piranhas” (D. L. Brinkman et al. 
1998:5). Such accumulations of multiple dromaeosaurid speci- 
mens and their putative prey are absent from Asian deposits 
where dromaeosaurids are ubiquitous. 

Speculation about other aspects of the dromaeosaurid 
skeleton—the opisthopubic pelvis and aspects of the hand—led 
Chatterjee (1997b) to propose that dromaeosaurids were arbo- 
real. Matthew and Brown (1926) were the first to recognize that 


the braincase of dromaeosaurids (Dromaeosaurus) was large, a 
point echoed by Colbert and Russell (1969) and Currie (1995). 
However, neither comparative morphological studies of the brain 
nor quantitative empirical assessments of its actual size com- 
pared with that of the brains of other taxa have been completed. 

Statements that these animals were warm blooded based on 
a supposed active lifestyle have not been rigorously defended. 
Published data on histological sections of Saurornitholestes are 
inconclusive (Reid 1997b). Other studies purportedly showing 
that dromaeosaurids had a primitive physiology, based on the 
circulation of air through the rostrum (Ruben et al. 1997a), are 
founded on inaccurate skull reconstructions in which the choana 
lies too far forward and the animals lack secondary palates. 
Weak inference that the animals were warm blooded comes 
from the presence of featherlike integumentary structures in at 
least one dromaeosaurid (Xu et al. 1999) and other closely allied 
Maniraptora (Ji et al. 1998). 

The famous fighting dinosaurs consist of a skeleton of Ve- 
lociraptor wrapped around a skeleton of Protoceratops, apparently 
in the act of attacking and defending (Kielan-Jaworowska and 
Barsbold 1972; Unwin etal. 1995). This idea ofa battle to the death 
was challenged by Osmolska (1993), who suggested that the Veloci- 
raptor died while scavenging on a dead Protoceratops. Whether 
this represents predatory behavior or a chance encounter—the 
Mesozoic equivalent of a schoolyard fight—is impossible to 
determine based on this single occurrence (Clark et al. 1999). 
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ELEVEN 


Basal Avialae 


KEVIN PADIAN 


Birds evolved from small carnivorous dinosaurs some 150 mil- 
lion years ago. Most of the features associated with birds— 
feathers, sternum, furcula, hollow limb bones, and so on—first 
evolved in carnivorous dinosaurs for purposes unrelated to the 
origins of birds or to flight. The animals that became birds ulti- 
mately co-opted for flight some features that had first evolved 
in their dinosaurian ancestors. These features mostly evolved 
in the context of the behavior of fast-running, ground-living 
maniraptorans, a group that includes dromaeosaurids, ovi- 
raptorids, and troodontids, as well as birds. Flight, as far as it can 
be reconstructed, evolved in one lineage of these maniraptorans 
and involved a transition from the predatory forelimb slash- 
grab of vicious predatory dinosaurs to the graceful stroke of 
birds taking wing. The process by which this happened is one 
of the great discoveries of evolutionary biology, and it has 
emerged explosively in the past three decades. 

A treatment of basal birds, including all Mesozoic represen- 
tatives (table 11.1), would take up an entire book. Indeed, while 
this volume was in progress two such books appeared, with 
slightly different emphases. In Gauthier and Gall (2001) only a 
small proportion of papers focus on phylogeny and description 
of taxa; in Chiappe and Witmer (2002) virtually all do. These 
works obviate a great deal of discussion of anatomy and taxon- 
omy here. Instead, this chapter aims to summarize some of the 
early history of birds and their evolution from other theropod 
dinosaurs. 


Definition and Diagnosis 


The first animal universally accepted as a true bird is Archaeop- 
teryx lithographica (fig. 11.1). This famous fossil is now known 
from seven skeletons and an isolated feather (an eighth is ap- 
parently in a private collection and unavailable for study). All 
are from the Solnhofen Lithographic limestones of Bavaria, in 
Germany (Late Jurassic) (Wellnhofer 1974, 1988, 1990, 1993a; 
Ostrom 1976a). The feather was the first piece discovered, in 
1860, shortly after Charles Darwin published On the Origin of 
Species. In the next year a well-preserved partial skeleton with 
feathers was found, and another skeleton, of incredibly beau- 
tiful form and preservation, came to light some years later 
(Elzanowski 2002). Even though they retained the long tail and 


210 DINOSAUR SYSTEMATICS 


teeth of reptiles, they were recognized as the remains of birds 
because they had feathers, a boomerang-shaped furcula, and 
hollow bones. Through the years, nearly every individual 
Archaeopteryx has been assigned to a different species (and most 
to different genera), but there is simply too little material avail- 
able to understand taxonomic diversity, especially without 
adequate morphometric and ontogenetic analysis. 

Because Archaeopteryx has been so well known for so long, 
has always been considered a bird, and was obviously a flying, 
feathered animal, most workers have traditionally regarded it 
as a member of the amniote group Aves, named by Linnaeus in 
1758. Thus, Aves has been defined as Archaeopteryx plus living 
birds and all the descendants of their most recent common 
ancestor, living and extinct (Padian and Chiappe 1997, 1998a, 
1998b). For these workers, crown-group birds are called Neor- 
nithes (Cracraft 1986). However, Gauthier (1986) restricted the 
name Aves to crown-group birds, introducing the name Avialae 
to encompass Archaeopteryx and living birds. To avoid confusion 
about the name Aves, many workers use Avialae as a stem group 
to encompass living birds and all maniraptorans closer to them 
than to Deinonychus, a dromaeosaurid (Ostrom 1975a, 1976a; 
Gauthier 1986; see also Chiappe 1997 and Padian 1997a). “Birds” 
as an informal term continues to apply to Archaeopteryx and all 
more derived members of Avialae (with Aves/Neornithes con- 
sidered the crown taxon). 

To diagnose Avialae, we ask what features Archaeopteryx shares 
with later birds that are not present in other kinds of organisms. 
For a very long time feathers and a number of other features 
(e.g., the furcula) were considered unique to birds, but because 
of recent discoveries this idea has had to be modified. Gauthier 
(1986:12) provided a list of synapomorphies that Archaeopteryx 
shares with later birds. Some of these have been proven more 
general by recent discoveries, but salient synapomorphies per- 
sist. The premaxillae are long, narrow, and pointed and have 
long nasal processes. The double-condyled quadrate articulates 
with the prootic. The teeth are reduced in size and number and 
are not serrated. The scapula has a pronounced acromion 
process and is at least nine times as long as broad maximally. 
The coracoid has a pronounced sternal process. The forelimbs 
are nearly as long as, or longer than, the hindlimbs; the fore- 
arm is approximately as long as, or longer than, the humerus; 
and the second (major) metacarpal is nearly half as long as the 
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Mesozoic Avialae (excluding Neornithes) 
(Table compiled by Thomas P. Stidham) 


Occurrence Age Material 
Theropoda Marsh, 1881a 
Avialae Gauthier, 1986 
Alvarezsauridae Bonaparte, 1991a 
Alvarezsaurus Bonaparte, 1991a 
A. calvoi Bonaparte, 1991a Rio Colorado Santonian or Partial postcranial skeleton 
Formation (Neuquén), Santonian- 
Argentina early 
Campanian 
Mononykus Perle, Norell, Chiappe, et Clark, 
1993 
M. olecranus Perle, Norell, Djadokhta Formation, ?middle Partial skeletons 
Chiappe, et Clark, 1993 Nemegt Formation Campanian 


(Omnégov’), Mongolia; 

Iren Dabasu Formation 

(Nei Mongol Zizhiqu), 

People’s Republic of China 
Parvicursor Karhu et Rautian, 1996 


P. remotus Karhu et Rautian, 1996 Baruungoyot Formation ?middle 
(Omnégov’), Mongolia Campanian 
Patagonykus Novas, 1996b 
P. puertai Novas, 1996b Rio Neuquén Formation Turonian- 
(Neuquén), Argentina Coniacian 
Shuvuuia Chiappe, Norell, et Clark, 1998 
S. deserti Chiappe, Norell, et Clark, Djadokhta Formation ?middle 
1998 (Omnégov’), Mongolia Campanian 


Unnamed clade 
Rahonavis Forster, Sampson, Chiappe, et 

Krause, 1998 (= Rahona Forster, Sampson, 

Chiappe, et Krause, 1998) 

R. ostromi (Forster, Sampson, Chiappe, et Maevarano Formation Campanian 
Krause, 1998) (= Rahona ostromi Forster, (Majunga), Madagascar 
Sampson, Chiappe, et Krause, 1998) 

Archaeopterygidae Huxley, 1871 
Archaeopteryx von Meyer, 1861 

(= Archaeornis Petronievics vide Petronievics 

et Woodward, 1917; Griphosaurus Wagner, 

1861; Jurapteryx Howgate, 1985) 

A. lithographica von Meyer, 1861 Ober Solnhofen Plattenkalk §Kimmeridgian 
(= Pterodactylus crassipes von Meyer, 1857; (Bayern), Germany 
Archaeopteryx crassipes [von Meyer, 1857]; 

Rhamphorhynchus crassipes [von Meyer, 
1857]; Scaphognathus crassipes [von Meyer, 
1857]; Griphosaurus problematicus 
Woodward, 1862; Griphornis longicaudatus 
Woodward, 1862; Griphosaurus 
longicaudatus [Woodward, 1862]; 
Archaeopteryx macrura Owen, 1862; 
Archaeopteryx siemensii Dames, 1897; 
Archaeornis siemensi [Dames, 1897]; 
Archaeopteryx oweni Petronievics, 1921; 
Archaeopteryx recurva Howgate, 1984; 
Jurapteryx recurva [Howgate, 1984]) 


A. bavarica Wellnhofer, 1993a Ober Solnhofen Plattenkalk Kimmeridgian 
Wellnhoferia Elzanowski, 2001 (Bayern), Germany 
W. grandis Elzanowski, 2001 Ober Solnhofen Plattenkalk Kimmeridgian 


(Bayern), Germany 
Confuciusornithidae Hou, Zhou, Gu, et 


Zhang, 1995 
Changchengornis Ji, Chiappe, et Ji, 1999 
C. hengdaoziensis Ji, Chiappe, et Ji, Yixian Formation Barremian 
1999 (Liaoning), People’s 


Republic of China 


Partial postcranial skeleton 


Partial postcranial skeleton 


Skull and postcranial skeleton 


Partial postcranial skeleton 


Skeletons and isolated feather 


Skeleton 


Skeleton 


Nearly complete skeleton 


(continued) 


TABLE II.I (CONTINUED) 


Occurrence Age Material 
Confuciusornis Hou, Zhou, Gu, et Zhang, 
1995a 
C. sanctus Hou, Zhou, Gu, et Zhang, 1995a_ = Yixian Formation Barremian Hundreds of complete 
(including C. chuonzhous Hou, 1997; (Liaoning), People’s skeletons 
C. suniae Hou, 1997) Republic of China 
C. dui Hou, Martin, Zhou, Feduccia, et Yixian Formation Barremian 2 skeletons 
Zhang, 1999 (Liaoning), People’s 
Republic of China 
?Unnamed clade 
Jibeinia Hou, 2000 
J. luahera Hou, 2000 Yixian Formation Barremian Nearly complete skeleton 
(Liaoning), People’s 
of China 
Ornithothoraces Chiappe, 1995 
Kuszholia Nessov, 1992 
K. mengi Nessov, 1992 Bissekty Formation late 2 synsacra 
(Bukhoro), Uzbekistan Turonian- 
Coniacian 
Patagopteryx Alvarenga et Bonaparte, 1992 
P. deferrariisi Alvarenga et Bonaparte, Rio Colorado Formation Santonian or Many skeletons 
1992 (Neuquén), Argentina Santonian- 
early 
Campanian 
Vorona Forster, Chiappe, Krause, et 
Sampson, 1996 
V. berivotrensis Forster, Chiappe, Krause, | Maevarano Formation Campanian Partial hindlimbs 
et Sampson, 1996 (Majunga), Madagascar 
Enantiornithes Walker, 1981 
Alexornis Brodkorb, 1976 
A. antecedens Brodkorb, 1976 “La Bocana Roja” formation ?Campanian Postcranial elements 
(Baja California Norte), 
Mexico 
Avisaurus Brett-Surman et Paul, 1985 
A. archibaldi Brett-Surman et Paul, Hell Creek Formation ?late 2 tarsometatarsi 
1985 (Montana), United States; Campanian- 
Lecho Formation (Salta), Maastrichtian 


A. gloriae Varricchio et Chiappe, 1995 


Boluochia Zhou, 1995 
B. zhengi Zhou, 1995 


Cathayornis Zhou, Jin, et Zhang, 1992 
C. yandica Zhou, Jin, et Zhang, 1992 


Concornis Sanz et Buscalioni, 1992 
C. lacustris Sanz et Buscalioni, 1992 


Eoalulavis Sanz, Chiappe, Pérez-Moreno, 
Buscalioni, Moratalla, Ortega, et Poyato- 
Ariza, 1996 
E. hoyasi Sanz, Chiappe, Pérez-Moreno, 

Buscalioni, Moratalla, Ortega, et 
Poyato-Ariza, 1996 

Eocathayornis Zhou, 2002 

E. walkeri Zhou, 2002 


Argentina 

Upper Two Medicine 
Formation (Montana), 
United States 


Jiufotang Formation 
(Liaoning), People’s 
Republic of China 


Jiufotang Formation 
(Liaoning), People’s 
Republic of China 


Calizas de Huérgina 
Formation (Cuenca), Spain 


Caliza de Huérgina 
Formation (Cuenca), Spain 


Jiufotang Formation 
(Liaoning), People’s 
Republic of China 


middle-late 
Campanian 


Early 
Cretaceous 


Early 
Cretaceous 


late 
Barremian 


late 
Barremian 


Early 
Cretaceous 


Tarsometatarsus 


Partial skull, partial 


postcranium 


Partial skeleton 


Postcranial skeleton 


Thoracic region and forelimbs 


Partial skeleton 


TABLE II.I (CONTINUED) 


Occurrence Age Material 
Eoenantiornis Hou, Martin, Zhou, et 
Feduccia, 1999 
E. buhleri Hou, Martin, Yixian Formation Barremian Nearly complete skeleton 
Zhou, et Feduccia, 1999 (Liaoning), People’s 
Republic of China 
Enantiornis Walker, 1981 
E. leali Walker, 1981 Lecho Formation ?late Postcranial elements 
(Salta), Argentina Campanian- 
Maastrichtian 
E. martini Nessov et Panteleyev, 1993 Bissekty Formation late Coracoid 
(Bukhoro), Uzbekistan Turonian- 
Coniacian 
E. walkeri Nessov et Panteleyev, 1993 Bissekty Formation late Coracoid 
(Bukhoro), Uzbekistan Turonian- 
Coniacian 
Gobipteryx Elzanowski, 1974 
G. minuta Elzanowski, 1974 (including Baruungoyot Formation ?middle Embryonic skulls and 
Nanantius valifanovi Kurochkin, 1996a) (Bayankhongor), Campanian skeletons 
Baruungoyot Formation, 
Red Beds of Hermiin Tsav 
(Omnégov’), Mongolia 
Gurilynia Kurochkin, 1999 
G. nessovi Kurochkin, 1999 Nemegt Formation early Shoulder girdle and forelimb 
(Omnégov’), Mongolia Maastrichtian elements 


Halimornis Chiappe, Lamb, et Ericson, 
2002 
H. thompsoni Chiappe, Lamb, et 
Ericson, 2002 


Iberomesornis Sanz et Bonaparte, 1992 
I. romerali Sanz et 
Bonaparte, 1992 
Kizylkumavis Nessov, 1984 
K. cretacea Nessov, 1984 


Lectavis Chiappe, 1993 
L. bretincola Chiappe, 1993 


Lenesornis Kurochkin, 1996a 
L. maltshevskyi (Nessov, 1986) 
(= Ichthyornis maltshevskyi Nessov, 
1986) 
Nanantius Molnar, 1986 
N. eos Molnar, 1986 


Neuquenornis Chiappe et Calvo, 1994 
N. volans Chiappe et Calvo, 1994 


Noguerornis Lacasa-Ruiz, 1989 
N. gonzalezi Lacasa-Ruiz, 1989 


Otogornis Hou, 1994 
O. genghisi Hou, 1994 


Mooreville Chalk 
Formation (Alabama), 
United States 


Calizas de Huérgina 
Formation (Cuenca), Spain 


Bissekty Formation 
(Bukhoro), Uzbekistan 


Lecho Formation 
(Salta), Argentina 


Bissekty Formation 
(Bukhoro), Uzbekistan 


Toolebuc Formation 
(Queensland), Australia 


Rio Colorado Formation 
(Neuquén), Argentina 


La Pedrera de Rubies 
Lithographic Limestone 
(Cuenca), Spain 


Yijinholuo Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 


late Santonian- 
early 
Campanian 


late Barremian 


late 
Turonian- 
Coniacian 


?late 
Campanian- 
Maastrichtian 


late 
Turonian- 
Coniacian 


Albian 


Santonian or 
Santonian- 
early 
Campanian 


late 
Berriasian- 
early 
Barremian 


Early 
Cretaceous 


Vertebrae and limb elements 


Postcranial skeleton 


Distal humerus 


Tarsometatarsus and 


tibiotarsus 


Synsacrum 


Tibiotarsi and vertebra 


Partial skeleton 


Partial skeleton 


Shoulder girdle forelimb 
elements 


(continued) 


TABLE II.I (CONTINUED) 


Occurrence Age Material 
Protopteryx Zhang et Zhou, 2000 
P. fengningensis Zhang et Yixian Formation Barremian Partial skeletons 
Zhou, 2000 (Liaoning), People’s 
Republic of China 
Sazavis Nessov et Yarkov, 1989 
S. prisca Nessov et Yarkov, 1989 Bissekty Formation late Distal tibiotarsus 
(Bukhoro), Uzbekistan Turonian- 
Coniacian 
Sinornis Sereno et Rao, 1992 
S. santensis Sereno et Rao, Jiufotang Formation Early Partial skull, many nearly 
1992 (Liaoning), People’s Cretaceous complete postcranial 
Republic of China skeletons 
Soroavisaurus Chiappe, 1993 
S. australis Chiappe, 1993 Lecho Formation ?late Tarsometatarsus and phalanges 
(Salta), Argentina Campanian- 
Maastrichtian 
Yungavolucris Chiappe, 1993 
Y. brevipedalis Chiappe, 1993 Lecho Formation ?late Tarsometatarsi 
(Salta), Argentina Campanian- 
Maastrichtian 
Zhyraornis Nessov, 1984 
Z. kashkarovi Nessov, 1984 Bissekty Formation late Synsacrum 
(Bukhoro), Uzbekistan Turonian- 
Coniacian 
Z. logunovi Nessov, 1992 Bissekty Formation late Synsacrum 
(Bukhoro), Uzbekistan Turonian- 
Coniacian 
Ornithurae Haeckel, 1866 
Ambiortus Kurochkin, 1982 
A. dementjevi Kurochkin, 1982 Unduruh Formation Hauterivian- Vertebrae and forelimb 
(?including Holbotia ponomarenkoi (Bayankhongor), Mongolia Aptian 
Kurochkin, 1982) 
Apatornis Marsh, 1873b 
A. celer (Marsh, 1873b) (= Ichthyornis celer Niobrara Chalk Formation Coniacian- Postcranial elements 
Marsh, 1873b) (Kansas), Niobrara Chalk early 
Formation (Nebraska), Campanian 
United States 
Apsaravis Norell et Clarke, 2001 
A. ukahaana Norell et Clarke, 2001 Djadokhta Formation ?middle Partial postcranial skeleton 
(Omnégov’), Mongolia Campanian 
Chaoyangia Hou et Zhang, 1993 
C. beishanensis Hou et Zhang, 1993 Jiufotang Formation Early Partial skeleton 
(Liaoning), People’s Cretaceous 
Republic of China 
Gansus Hou et Liu, 1984 
G. yumenensis Hou et Liu, 1984 Xiagou Formation Early Partial hindlimb 
(Gansu), People’s Cretaceous 
Republic of China 
Gargantuavis Buffetaut et Le Loeuff, 1998 
G. philoinos Buffetaut et Le Marnes Rouges early Synsacrum and femur 
Loeuff, 1998 Inférieures Formation Maastrichtian 
(Aude), Grés a Reptile 
Formation (Var), France 
Horezmavis Nessov et Borkin, 1983 
H. eocretacea Nessov et Borkin, 1983 Lower Khodzhakul late Albian Tarsometatarsus 
Formation 
(Qoraqalpoghistan 
Respubliasi), Uzbekistan 
Liaoningornis Hou, 1997 
L. longidigitus Hou, 1997 Yixian Formation Barremian Partial skeleton 


(Liaoning), People’s 
Republic of China 


TABLE II.I (CONTINUED) 


Occurrence Age Material 
Limenavis Clarke et Chiappe, 2001 
L. patagonica Clarke et Chiappe, 2001 Allen Formation (Rio middle Partial forelimb 
Negro), Argentina Campanian 
Hesperornithiformes Sharpe, 1899 
Asiahesperornis Nessov et Prizemlin, 1991 
A. bazhanovi Nessov et Eginsai Formation late Vertebrae, tarsometatarsus, 
Prizemlin, 1991 (Qostanay), Kazakhstan Santonian- and tibiotarsus 
early 
Campanian 
Baptornis Marsh, 1877 
B. advenus Marsh, 1877 Niobrara Chalk Formation Coniacian- Fragmentary skull, nearly 
(Kansas), United States early complete postcranium 
Campanian 


Coniornis Marsh, 1893 
C. altus Marsh, 1893 (= Hesperornis 
montanus Shufeldt, 1915) 


Enaliornis Seeley, 1876 (= Palaeocolymbus 
Seeley, 1876, Pelagornis Seeley, 1876) 


E. barretti Seeley, 1876 (= Palaeocolymbus 


barretti (Seeley, 1876]) 
E. sedgwicki (Seeley, 1876) (= Pelagornis 
sedgwicki Seeley, 1876) 
Hesperornis Marsh, 1872d (= Hargeria 
Lucas, 1903; Lestornis Marsh, 1876) 
H. regalis Marsh, 1872d 


H. crassipes (Marsh, 1876) (= Lestornis 
crassipes Marsh, 1876) 


H. gracilis Marsh, 1876 (= Hargeria 
gracilis (Marsh, 1876]) 


Judinornis Nessov et Borkin, 1983 
J. nogontsavensis Nessov et Borkin, 
1983 
Parahesperornis Martin, 1983 
P. alexi Martin, 1983 


Pasquiaornis Tokaryk, Cumbaa, et 
Storer, 1997 
P. hardiei Tokaryk, 
Cumbaa, et Storer, 1997 
P. tankei Tokaryk, Cumbaa, 
et Storer, 1997 


Potamornis Elzanowski, Paul, et Stidham, 


1999 
P. skutchi Elzanowski, Paul, et Stidham, 
1999 


Claggett Shale 
(Montana), United States 


Cambridge Greensand 
(Cambridgeshire), England 

Cambridge Greensand 
(Cambridgeshire), England 


Niobrara Chalk Formation 
(Kansas), Pierre Shale 
Formation (Nebraska), 
United States; unnamed 
unit (Northwest 
Territories), Vermillion 
River Formation 
(Manitoba), Foremost 
Formation (Alberta), 
Canada 

Niobrara Chalk Formation 
(Kansas), United States 


Niobrara Chalk Formation 
(Kansas), United States 


Nemegt Svita 
(Bayankhongor), Mongolia 


Niobrara Chalk Formation 
(Kansas), United States 


?Ashville Formation 
(Saskatchewan), Canada 
?Ashville Formation 
(Saskatchewan), 
Canada 


Lance Formation 
(Wyoming), United States 


late Campanian 


late Albian 


late Albian 


Coniacian- 
Maastrichtian 


Coniacian- 
early 
Campanian 

Coniacian- 
early 
Campanian 


early 
Maastrichtian 


Coniacian- 
early 
Campanian 


late 
Cenomanian 

late 
Cenomanian 


late 
Maastrichtian 


Tibiotarsus and vertebra 


Braincases, vertebrae, pelvis, 
limb elements 
Hindlimb elements 


Dozens of skulls and 
postcranial skeletons 


Partial postcranial skeleton 


Tarsometatarsus 


Vertebra 


Partial skull, complete 
postcranium 


Hindlimb elements 


Hindlimb elements and 
quadrate 


Quadrate, postcranial elements 


(continued) 


TABLE II.I (CONTINUED) 


Occurrence Age Material 
Ichthyornithiformes Firbringer, 1888 
Ichthyornis Marsh, 1872b (= Colonosaurus 
Marsh, 1872b; Angelinornis Kashin, 1972) 
I. dispar Marsh, 1872b (= Colonosaurus Niobrara Chalk Formation Coniacian- Skull and postcrania, distal 
mudgei Marsh, 1872b; including I. agilis (Kansas), Mooreville early humerus, radius, ulna, 
[Marsh, 1873a]; Graculavus agilis Marsh, Chalk Formation Campanian carpometacarpi, other 


1873a; I. anceps [Marsh, 1872b]; Graculavus 
anceps Marsh, 1872b; I. victor Marsh, 1876; 
I. validus Marsh, 1880a; I. antecessor 
[Wetmore, 1962]; Plegadornis antecessor 
Wetmore, 1962; Angelinornis antecessor 
[Wetmore, 1962]) 
Unnamed ichthyornithiform (= Graculavus 
lentus Marsh, 1877e) 
Unnamed ichthyornithiform (= Ichthyornis 
tener Marsh, 1880a) 


(Alabama), United States 


postcranial elements 


Avialae incertae sedis 
Sapeornis Zhou et Zhang, 2002 
S. chaoyangensis Zhou et Zhang, 2002 


Epidendrosaurus Zhang, Zhao, Xu, et 
Wang, 2002d (= Scansoriopteryx Czerkas et 
Yuan, 2000) 

E. ningchenensis Zhang, Zhou, Xu, et 
Wang, 2002d (= Scansoriopteryx heilmanni 
Czerkas et Yuan, 2000) 

Protarchaeopteryx Ji et Ji, 1997 


Austin Chalk (Texas), Late Cretaceous _ Distal tarsometatarsus 
United States 

Niobrara Chalk Formation Coniacian- Distal humerus 
(Kansas), United States early 

Campanian 

Jiufotang Formation Early Nearly complete skeleton 
(Liaoning), People’s Cretaceous without skull 
Republic of China 

Doahuqou Formation ?Late Jurassic Nearly complete skeleton, 
(Nei Mongol Zhizhiqu), juvenile 
People’s Republic of China 

Yixian Formation Baremian Nearly complete skull and 


P. robusta Ji et Ji, 1997 


(Liaoning), People’s 


skeleton, at least 2 individuals 


Republic of China 
Nomina dubia Material 
Ichthyornis minusculus Nessov, 1990 Dorsal vertebra 
Ilerdopteryx viai Lacasa-Ruiz, 1991 Feather 


Ornithomimus minutus Marsh, 1892 

Platannavis nana Nessov, 1992 

Protoavis texensis Chatterjee, 1991 
(doubtfully avialan) 

Wileyia valdensis Harrison et Walker, 1973 
(doubtfully avialan) 


Sacrum 


Partial metatarsals II-IV (lost) 
Assorted taxonomically mixed material 


Incomplete humerus 


humerus. The first metatarsal is attached to the distal quarter 
of the second, and its digit is “reversed” in orientation. Chiappe 
(1995, 1996b) and Jiet al. (1998) add that in the skull the quadra- 
tojugal is joined to the quadrate by a ligament; there is no longer 
a contact between the quadratojugal and the squamosal; and in 
the pelvis the cranial process of the ischium is reduced or absent. 
Chiappe (2001) notes two other features: the caudal margin of 
the naris nearly reaches or overlaps the rostral border of the ant- 
orbital fossa; and the postacetabular process of the ilium is shal- 
low and pointed, its depth less than 50% of that of the preace- 
tabular wing at the acetabulum. He also provides seven other 
characters putatively shared with alvarezsaurids that would be 
considered convergences if alvarezsaurids are instead closer to 
other coelurosaurs. To these features can be added several char- 
acters, including feathers that are sufficiently long and large to 
permit powered flight and have complex, interlocking barbules 
that make them airworthy. 
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Anatomy 


In the interests of space, and because detailed anatomical treat- 
ments of particular groups of Mesozoic birds are given in recent 
publications, here the focus is on the transition from nonavialan 
coelurosaurian to basal avialan features. 


Skull and Mandible 


The skull in theropod dinosaurs, even the earliest forms, is lightly 
built and strutlike, with large fenestrae for the eyes and nostrils 
as well as for the antorbital and temporal fenestrae, as in archo- 
saurs generally. In the theropods closest to birds the orbits be- 
come proportionally larger than the other openings. The skull 
tapers at a sharper angle toward the snout, and this is particu- 
larly evident in the premaxilla and the maxilla. The maxilla is 


FIGURE 11.1. The Berlin specimen of Archaeopteryx and restoration by J. H. Ostrom. Scale = 5 cm. 


acutely triangular rostrally. The rostral border of the premaxilla, 
as in most dinosaurs, more or less parallels that of the maxilla, 
so the acute angle is carried to the front of the skull. The nares, 
however, are proportionally larger than in most other thero- 
pods, and the antorbital opening less so. The T-shaped lacrimal 
has substantially reduced or lost upper bars, and the jugal is lit- 
tle more than a caudally upturned, horizontal bar that meets it 
ventrally and lacks a strong postorbital process. The temporal re- 
gion of the skull is not easy to work out; Elzanowski (2002) found 
the existence of the normally triradiate postorbital uncertain in 
Archaeopteryx, and another worker once claimed that it did not 
have a squamosal. Some elements of the braincase are preserved, 
but the squamosal is free of them (Elzanowski 2002). The Lon- 
don individual preserves a natural mold of the skull cavity, and 
the size of the brain relative to body size is low for birds but much 
higher than for most dinosaurs (Hopson 1977). 


The lower jaw is very shallow; the rostral two-thirds is about 
two-thirds of the depth of the caudal part, and the aspect ratio 
of the jaw (length to maximal depth) is about 8:1. This figure 
may be a bit higher in some other small maniraptorans, but in 
birds the preorbital part of the skull is comparatively shorter 
than in other theropods. The premaxilla bears 4 teeth, the max- 
illa 7 to 9, and the dentary 11 or 12. The teeth in theropods are 
generally curved and sharply pointed, with minute serrations 
arranged along keels running along the front and back edges of 
each laterally compressed tooth, with some notable variations. 
In birds, as Archaeopteryx and some close relatives show, the 
teeth became reduced in size, and the keels and serrations were 
also progressively reduced, as the tooth narrowed from the base 
of the crown up to the apex. Interdental plates were present, as 
in other theropods. Birds from the Late Jurassic and Cretaceous, 
and some forms well into the Late Cretaceous, experienced tooth 
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loss several times (Chiappe et al. 1999a). The loss of teeth was 
generally accompanied by the appearance of a hard, horny 
thamphotheca. It is commonly said that birds lost their teeth to 
save weight in flight, but it may be as likely that teeth were not 
necessary to small, macrophagous predators that grabbed their 
small prey in their beaks and swallowed it whole. 


Postcranial Skeleton 


AXIAL SKELETON 


The vertebral column in theropods is long and lightly built. The 
vertebral centra, or spools, are slightly concave on each end, and 
this condition persists well into birds (the cervicals are hetero- 
coelous in enantiornithine birds, but Archaeopteryx was primi- 
tive in this respect). The neck is S-shaped and usually a bit longer 
than the trunk of the body. Small openings, or pleurocoels, in 
the sides of the vertebral arches reflect the lightening of the 
skeleton and possibly the admission of air into accessory respi- 
ratory cavities, as birds have today. In more derived theropods 
these pleurocoels spread caudally to the dorsal vertebrae (Britt 
1993). Archaeopteryx (fig. 11.1) has 10 cervical vertebrae, includ- 
ing the atlas and axis, and 12 or 13 dorsal vertebrae. The ribs in 
theropods are long and lightly built, and gastralia are inter- 
woven with the dorsal ribs. The sacrum comprises 5 fused ver- 
tebrae in basal theropods such as Coelophysis and 5 or 6 in 
Archaeopteryx, but the number can increase to 8, 11, or more in 
some extinct and living birds. Originally theropods had a long 
tail of 40 or more free vertebrae. In tetanurans the tail became 
progressively shorter and apparently a bit stiffer along its length 
apart from the base of the tail (Gauthier 1986). It is reduced to 
about 23 vertebrae in Archaeopteryx and some close relatives of 
birds such as Protarchaeopteryx and Caudipteryx. In Deinonychus 
and its relatives the zygapophyses, or articular facets between 
the successive caudal vertebrae, become very long (eight or 
nine vertebrae in length) and interweave forward and backward 
with other zygapophyses to stiffen the tail, apart from the first 
eight or nine caudals at the base of the tail (Ostrom 1969a). In 
Archaeopteryx and among the close relatives to birds, such as 
Protarchaeopteryx and Caudipteryx, in which such structures are 
preserved, feathers line these vertebrae (Ji et al. 1998); in later 
birds the stiffened part of the tail is reduced to a pygostyle of 
about 16 or fewer vertebrae, from which the tail feathers radiate. 


APPENDICULAR SKELETON 


The long scapula was originally broad at its upper end but be- 
came narrow in more derived theropods and birds. The coracoid 
to which it attached was roughly circular at first, but in the 
closest relatives to birds it became elongate toward the midline 
of the chest and in some forms, such as dromaeosaurids and 
oviraptorids, contacted the sternal as it does in birds (Norell and 
Makovicky 1997). The clavicles, homologized with the furcula 
(but see Bryant and Russell 1993; and Hall 2001), are elusive in 
theropod fossils and were sometimes mistaken for ventral ribs. 
The furcula appears as a single, robust boomerang-shaped form 
in Late Jurassic and Cretaceous tetanuran theropods, identical 
to the structure seen in Archaeopteryx, Confuciusornis, and other 
basal birds. The sternum in Mesozoic theropods may have been 
a mostly cartilaginous structure that calcified only late in devel- 
opment, as it does in birds, so it is only irregularly discovered in 
fossil forms, and it is represented as an abbreviated quadrangu- 
lar structure in at least one individual of Archaeopteryx (Welln- 
hofer 1993a). 
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The forelimb in birds is relatively longer than in nonavialan 
theropods, although they are morphologically similar in most 
respects. The forearm, although still shorter than the humerus— 
Gauthier (1986) delimits this character state as at least 87% in 
Archaeopteryx—is longer than in nonavialan theropods, and 
this proportional trend is typical of aerial vertebrates (Padian 
1985). The hand is also long, continuing a basal maniraptoran 
trend. 

The long and slender humerus is gracefully curved and has a 
caudally extended deltopectoral crest with a long, straight outer 
border. The radius and ulna are similarly long and gracefully 
bowed, and the interosseous space is considerable, as in some 
other maniraptorans and most later birds. The wrist is particu- 
larly interesting because, as in maniraptorans generally, the 
carpus is dominated by the unusual semilunate carpal, which 
underlies metacarpals I and II (and may be a fusion of distal 
carpals 1 and 2). A small bone lateral to the semilunar carpal in 
some individuals may be the third distal carpal. The radiale and 
ulnare have been reported in some individuals. Metacarpal I is 
less than a third the length of metacarpal IJ, and its distal end 
is beveled medially, as in Saurischia primitively (Gauthier 1986). 
Its single nonungual phalanx is about three times as long as the 
metacarpal. Metacarpal III is bowed and nearly as long as, and 
more gracile than, metacarpal II. The phalanges of the second 
digit are nearly twice as long as their metacarpal, and those of 
the third are almost half again as long as their metacarpal. The 
claws are long, highly recurved, and sheathed by a greater, curved 
keratinous component. 

The evolution of the bird hand, a primary component in the 
wing, is especially interesting. The theropod forelimb originally 
had a short forearm and bore a small hand in which the fourth 
digit was already reduced to just a single small phalanx; the fifth 
digit was reduced to a nubbin of the metacarpal (fig. 11.5). As 
in all saurischian dinosaurs, the second digit was the longest, 
and the thumb was slightly offset to the side, so that it was some- 
what opposable to the other digits. In tetanurans the fourth digit 
was entirely lost, and this three-digit plan, with the second 
digit longest, is what birds retain today. The carpal overlying 
metacarpals I and II in maniraptorans became semicircular and 
formed the basis of a unique sideways flexion of the wrist. This 
flexion was probably initially useful in seizing prey, but in birds 
it came to form the thrust-producing component of the flight 
stroke (Gauthier and Padian 1985; Ostrom et al. 1999; Gishlick 
2001). The hand and especially the fingers became very long in 
derived theropods, about half as long as the rest of the forelimb, 
emphasizing the functional utility of this organ. 

It is sometimes said that the bird hand comprises fingers II, 
Ill, and IV, whereas the theropod hand comprises I, II, and IH, 
but as figure 11.5 shows, this interpretation is implausible (Pa- 
dian and Chiappe 1997; Galis 2001a, 2001b). The step-by-step 
reduction of the original theropod hand to the condition in 
birds is clear (fig. 11.2). The forms and proportions of the digits 
and phalanges are identical, as are their connections to the rest 
of the limb. In order for the bird hand to comprise II, II, and IV, 
the first digit would have had to be lost and the remaining dig- 
its would have had to lose one phalanx each, as well as take on 
the exact forms, proportions, and connections of the original 
phalanges. Some biologists claim that developmental rules or 
processes mandate the loss of digits from alternate sides of the 
limb, so that the first would have had to be lost before the fourth. 
However, as figure 11.5 shows, theropods (as well as other ar- 
chosaurs) clearly violated this pattern, reducing and losing the 
fifth first and then the fourth (as well as the third in tyranno- 
saurs and along with even a strong reduction of the third and 


IV 
Vv Vv Vv 


Crocodiles 


Ornithischia Sauropodomorpha Syntarsus 


Allosaurus 


Deinonychus 


Archaeopteryx 


MANIRAPTORA 


TETANURAE loss of IV 


THEROPODA loss of IV 
SAURISCHIA digit Il longest 


DINOSAURIA reduction of IV and V 


ARCHOSAURIA five digits, Ill longest 


FIGURE 11.2. The reduction of the hand in nonavian theropods to birds, showing the progressive loss of digits IV and V. 


(Gauthier 1986; Padian and Chiappe 1998b). 


second in alvarezsaurids, leaving digit I as the longest). More- 
over, there is never any remnant of a cartilaginous precursor of 
a digit medial to the one that fully develops most medially in 
bird embryos, so there is no evidence that the bird digits are II, 
IH, and IV. Wagner and Gauthier (1999) suggested that a devel- 
opmental frame shift might account for the apparently dis- 
crepant pattern between neornithine birds and nonavialan 
theropods, but this explanation, although possible, has yet to 
be demonstrated in related living forms or to be shown neces- 
sary in the present case (Padian and Chiappe 1997, 1998a, 1998b; 
Galis 2001a, 2001b; Padian 2001c; Witmer 2002). 

The pelvic girdle in theropods has a long, low ilium that is 
retained in birds. As in most other reptiles, the pubis originally 
pointed forward and down. However, in the maniraptoran thero- 
pods closest to birds the pubis rotated backward until it was 
more or less vertical, as it appears to be in Archaeopteryx, Deinony- 
chus, Unenlagia, and Sinornithosaurus, and even retroverted in 
Velociraptor. It eventually continued its caudal rotation until it 
reached the condition retained in living and nearly all extinct 
birds, where it lies parallel to the ischium, pointing backward. It 
has a caudal expansion of the pubic foot, but the cranial expan- 
sion is lost. The ischium originally was long and rodlike, like 
the pubis, but in maniraptorans it decreased in size until it was 
only about two-thirds as long as the pubis. Elzanowski (2002) 
recognizes four processes in the ischium of Archaeopteryx, most 
of which are present in related basal avialan and nonavialan 
forms. However, the ischium gradually became more reduced 
and simplified, as it is in birds today. 

The hindlimb is long and graceful in theropods, reflecting 
the quickness and agility of all forms except the largest ones. The 
femur is shorter than the tibia, and the fibula is very slender. 
There is no rotation possible between the two bones, even though 
the fibula extends to the ankle in a very attenuated, splintlike 
form in Archaeopteryx. This configuration reflects a parasagittal 
mode of walking in which there is little rotation at the knee. The 
astragalus and calcaneum fuse to each other as the animal ages, 
and in birds these ankle bones also fuse to the tibia and the 
fibula (ifit reaches the ankle, which it does not in almost all birds 


more derived than Archaeopteryx). These fused proximal ankle 
bones present a concave roller joint that nestles in a comple- 
mentary surface formed by the distal tarsals, and along the 
mesotarsal axis between these two rows of tarsals the foot swings 
forward and backward, as in all ornithodirans. A triangular 
ascending process of the astragalus on the cranial and cranio- 
lateral sides of the tibia appears to be homologous to the pre- 
tibial bone in living birds. 

In theropods the proximal and distal tarsals originally com- 
prised series of separate elements. The distal row, like the proxi- 
mal row, had two ossified tarsals, one overlapping metatarsals II 
and II] and the other overlapping metatarsal IV. Metatarsal I, and 
hence the first toe, did not contact the ankle but attached to the 
side of metatarsal II, and its digit did not contact the ground. 
The second, third, and fourth digits, with their long metatarsals, 
made up the functional walking part of the foot. Metatarsal V 
was reduced to a splint that bore no phalanges. In birds, begin- 
ning with Archaeopteryx, the articulation of the first digit to 
metatarsal II rotated to the back instead of the side, and the dis- 
tal end of metatarsal I nearly reaches that of metatarsal I, but 
neither reaches as far as the end of metatarsal II. In later birds the 
attachment descended farther, so that the first toe became more 
fully opposable to the others—a useful tool for grasping and 
even perching. Metatarsal V was lost entirely and appears only 
as a vestige in the development of living birds. Metatarsals IJ, III, 
and IV fuse to one another and to the distal tarsals in later birds. 

There has been great debate over the claws of Archaeopteryx, 
namely, whether their curvature suggests a terrestrial or an ar- 
boreal lifestyle. Here it is important to separate the hand and 
foot claws. In theropods primitively the foot claws were not 
highly curved because the animals used them to run along the 
ground; the hand claws were strongly recurved, as befits preda- 
tory animals that presumably grabbed and slashed prey. The 
hand claws of Archaeopteryx are similarly curved. However, even 
Tyrannosaurus, whose arms could not reach its mouth, had highly 
curved hand claws, so the feature must be considered a “default” 
option that the first birds inherited, and not evidence in itself for 
an adaptation to climbing trees. The foot claws of Archaeopteryx 
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are slightly more curved than in typical theropods but not as 
curved as in most arboreal birds, so it is difficult to determine 
whether this feature has much significance (Peters and Gérgner 
1992; Hopson 2001). Strongly curved foot claws do not neces- 
sarily signal arboreal life: they are also used to grasp prey by birds 
that cannot use their forelimbs to do so. To make matters more 
confusing, both Caudipteryx, a feathered oviraptorosaurian, and 
Confuciusornis, one of the most basal birds after Archaeopteryx, 
have foot claws that are not strongly curved at all. 


Systematics and Evolution 


Hailed by many as the “missing link” between two great classes 
of vertebrates when it was discovered, Archaeopteryx represented 
strong evidence for the idea of transmutation, or the evolution 
of species from other species. However, which group of reptiles 
gave rise to birds was very much an open question. In the 1860s 
Thomas Henry Huxley, Darwin’s great advocate, first recognized 
the similarities between carnivorous dinosaurs and large birds 
such as the ostrich and the extinct moa and thought that the 
groups might have had a common ancestor. However, the idea 
never found much favor in Victorian times (Gauthier 1986).! 

In 1916 Gerhard Heilmann published a book in Danish on 
the subject that was translated into English in 1927 as The Origin 
of Birds. This book had an enormous influence because Heil- 
mann was so thorough in his treatment of anatomy, feathering, 
development, paleontology, adaptations, and behavior. He 
considered and eventually rejected nearly all groups of living 
and fossil reptiles as potential ancestors of birds, including croc- 
odiles, pterosaurs, and various groups of dinosaurs. He showed 
that the theropods were anatomically most similar to early 
birds. Nevertheless, one problem plagued Heilmann’s conclu- 
sion: theropods were not known to have clavicles, traditionally 
thought to be homologous to the furcula of birds (but see Hall 
2001). Dollo’s “law” of the irreversibility of evolution, popular 
at the time, stated that structures once lost could not be re- 
gained. Although now known to be false, it greatly influenced 
Heilmann’s thinking. He rejected theropods as bird ancestors, 
seeking them instead among earlier, more generalized archo- 
saurian reptiles of the Triassic Period. Ironically, evidence of a 
furcula identical with that of Archaeopteryx is found in a wide 
variety of theropod dinosaurs, including velociraptorines, ovi- 
raptorids, allosaurids, and tyrannosaurids. In fact, these struc- 
tures were first discovered in theropod dinosaurs only a decade 
after Heilmann published his great book (Camp 1936; Chure 
and Madsen 1996; Makovicky and Currie 1998; Padian and 
Chiappe 1998a, 1998b). 

After Heilmann, it was generally considered that birds must 
have evolved from basal, or “primitive,” archosaurian reptiles, 
then classified as Thecodontia. This was not, however, a spe- 
cific hypothesis about avian ancestry but a default proposition 
(Padian and Chiappe 1997, 1998b). Because Heilmann had 
concluded that birds could not have evolved from theropod 


1. Famously, although Huxley encouraged Darwin to use Archaeopteryx 
as evidence for transitions across major groups of organisms in new editions 
of the Origin of Species, Darwin demurred. Conflicting descriptions, inter- 
pretations, and taxonomic assignments—many invested with antievolu- 
tionary rhetoric—had been published by a variety of workers, Richard Owen 
among them. Darwin had not studied the specimens and would not have 
been likely to advance his views against Owen’s even if he mistrusted them. 
Besides, one counterexample, no matter how good, would not have over- 
turned what Darwin saw as the vast number of gaps in the fossil record be- 
tween major body plans. 
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dinosaurs, their ancestors must be among more ancient forms, 
and these were as good as any. However, few of the “thecodon- 
tians” had any birdlike features. Gauthier (1986) showed that 
“Thecodontia” is a wastebasket group, and it has not been for- 
mally recognized by practitioners for nearly 15 years. 

In the 1970s, three specific hypotheses were proposed for the 
ancestry of birds (Gauthier 1986; Witmer 1991; Padian and Chi- 
appe 1998a, 1998b). One was that they had evolved from close 
common stock with early crocodilians, probably in the Late Tri- 
assic. This hypothesis was based primarily on some detailed 
studies of the ear region of the braincase in some living birds and 
the Early Jurassic crocodylomorph Sphenosuchus (e.g., Walker 
1972). A second was that they had descended from small car- 
nivorous dinosaurs sometime in the Jurassic (Ostrom 1973). This 
hypothesis was based on detailed comparisons of the features, 
proportions, and articulations of postcranial bones, particularly 
the girdles and limbs, of a variety of theropods, including Comp- 
sognathus, Ornitholestes, and Deinonychus (Ostrom 1975a, 1975b, 
1976a). A third was the venerable “thecodontian” hypothesis, 
which did not propose close relationship with any particular 
basal archosaur but amounted to a disagreement with the other 
two hypotheses and to the inference that the origin of birds 
must be sought among some more ancient and generalized un- 
known reptilian group, as Heilmann had concluded (e.g., Tarsi- 
tano and Hecht 1980). 

During the following two decades the crocodilian hypothe- 
sis was tested extensively and found wanting for several reasons: 
the similarities used to support it were too few; some were clearly 
convergences because the earlier common relatives of birds 
and crocodiles did not share them; and other features turned 
out to be present in more groups than just birds and crocodiles 
(Gauthier 1986). The theropod hypothesis was also tested exten- 
sively, especially by cladistic analyses of phylogeny by a number 
of independent workers as well as by traditional, noncladistic 
means. Here too some convergence was found, but the hypoth- 
esis on the whole proved very robust and has come to be ac- 
cepted by the vast majority of workers today (Witmer 1991). The 
“thecodontian” hypothesis has proved untestable because no 
specific animals among these basal archosaurs has ever been 
proposed as a close ancestor; therefore, no methods of phyloge- 
netic analysis can be used to test it, and it amounts simply to 
an objection to the theropod hypothesis (Padian and Chiappe 
1998b; Padian 2001c; Witmer 2002). 

Padian and Chiappe (1998b), Padian (2001c), and Witmer 
(2002) have reviewed the proposals of other “alternative” hy- 
potheses of avian relationships. These have usually involved 
bizarre and poorly known animals such as Longisquama and 
Megalancosaurus, which some workers have found to show one 
or several “birdlike” features. So far, none of these features has 
been shown to be anything other than a superficial or mistaken 
resemblance (usually to birds more derived than Archaeopteryx, 
which suggests little to do with the origin of birds), and no 
formal hypothesis of relationship to birds, including a phylo- 
genetic analysis, has been proposed. Until there is a better and 
more rigorous treatment than the many that demonstrate 
theropod ancestry, there is no point in considering these no- 
tions further. 

The theropod hypothesis was first proposed in modern form 
by J. H. Ostrom in 1973, using the traditional methods of com- 
parative anatomy to show detailed similarities that were not 
shared by other kinds of animals. Ostrom had previously (1969a, 
1969b) brought to light the remains of Deinonychus, a vicious, 
sickle-clawed predator from the Early Cretaceous of the Western 
Interior of the United States. Ostrom had also studied in detail 


the remains of many other North American and Asian thero- 
pods and was studying Archaeopteryx and the small theropod 
Compsognathus in Europe when he recognized for the first time 
the detailed similarities among all these animals. In a series of 
papers extending through the 1970s, and intermittently since, 
Ostrom has laid out his detailed comparisons between Archaeop- 
teryx and small theropod dinosaurs, showing the transitions of 
anatomical structure that took place in the origin of birds. 

A footnote to these debates is the perennial question of Proto- 
avis, a problematic discovery from the Triassic Dockum Forma- 
tion of Texas. Chatterjee (e.g., 1999) has been practically the sole 
advocate of its avialan status; Witmer (2002) reviewed the cir- 
cumstances of its discovery, preservation, anatomy, and inter- 
pretation, noting that most workers remain unconvinced that 
it represents the remains of a single animal and also noting 
that the specimens have been so prepared and restored that it is 
difficult for other workers to study the remains effectively. 


Systematics and Evolution 


Only basal birds are considered here. For more extended treat- 
ments of avialan groups, see Chiappe and Witmer (2002), Gau- 
thier and Gall (2001), Dingus and Rowe (1998), and, for some 
Tertiary groups, Feduccia (1996). Kurochkin (2000) provides a 
useful review of Mesozoic birds from Mongolia and the former 
Soviet Union; however, most of the taxa he reviews are based on 
very fragmentary material and are not reviewed here. 

Until the 1980s few birds were known between the Late Juras- 
sic Archaeopteryx and the Late Cretaceous Hesperornis and Ichthy- 
ornis, both from the central plains of North America and first 
described in the 1870s by O. C. Marsh. Most of the fossil record 
of Cretaceous birds was composed of scrap and bone ends, distin- 
guishable mostly by their condyles and thin walls. This changed 
with several kinds of discoveries. One important discovery was 
the Las Hoyas Lagerstdtten of fossil birds, many of them feath- 
ered, near Cuenca, Spain, excavated by José Luis Sanz and his 
colleagues since the early 1980s. These Lower Cretaceous beds 
produced Iberomesornis, which has strong coracoids, a furcula 
witha pronounced hypocleideum, sharply curved foot claws, and 
a fused pelvis (Sanz and Bonaparte 1992). It is closely related to 
Noguernornis (Lacasa-Ruiz 1989; Chiappe 2001). Eoalulavis, the 
first bird with an alula, or “thumb wing,” for improved maneu- 
verability (Sanz et al. 1996), and several other important finds 
were preserved here (Sanz et al. 1988). Just as interesting, al- 
though at an earlier crucial stage in avialan evolution, were the 
Liaoning deposits of China, mined since 1996 for “feathered 
dinosaurs” very close to the origin of birds. These deposits have 
also produced some interesting true birds, such as Confuciusornis 
(fig. 11.3), Changchengornis, and Chaoyangia, that are not much 
closer to living birds than Archaeopteryx is (Chiappe et al. 1999a), 
as well as birds such as Liaoningornis, which may be closer to 
extant birds (Hou et al. 1996). Other very important finds have 
recently come from the Cretaceous of Madagascar in the form of 
Rahonavis (fig. 11.4) and Vorona (Forster et al. 1996, 1998). How- 
ever, the new era in avialan paleontology can be traced to the 
discovery of a group of Cretaceous birds that had been com- 
pletely unsuspected before the 1980s: Enantiornithes. 

In 1981 Walker described some isolated fossil bird bones from 
the Cretaceous of Argentina. Unlike in other birds, whose meta- 
tarsals seem to fuse from the middle toward both ends, in these 
birds the metatarsals fused from the ankle toward the toes. There 
is a large open window in the humerus of some forms, as there is 
in Confuciusornis, and the scapula and coracoid articulated 


FIGURE 11.3. Skull and skeleton of Confuciusornis. Scale = 2 cm. (From 
Chiappe et al. 1999a.) 


through two joints, one of them ligamentous. The neck vertebrae 
were heterocoelous, as in living birds, although the dorsals were 
not. Once recognized, new material of Enantiornithes was dis- 
covered in two ways: many partial specimens in museum col- 
lections had been misidentified as other kinds of birds, and new 
field explorations unearthed new taxa (fig. 11.5). Chiappe (1991a) 
established the monophyly of this group when he described 
Neuquenornis, the first known enantiornithine to preserve the 
synapomorphies of the group in a single articulated skeleton 
(see also Chiappe and Calvo 1994). Enantiornithines are the 
most diverse and widespread of Cretaceous birds (Chiappe 1996a, 
1996b; Chiappe and Walker 2002), known from most continents 
and ecologically represented by an arboreal, ground-living, or 
perhaps even wading or aquatic habitus (Padian and Chiappe 
1998b). Some had teeth and some had lost them. The spectacu- 
lar radiation of Enantiornithes continued through most of 
the Cretaceous (Chiappe and Walker 2002), but apparently the 
group became extinct close to the end of that period (Stidham 
and Hutchison 2001). Eoalulavis, Sinornis, Neuquenornis, Gobip- 
teryx, and Alexornis are just a few members known to date. 
Ornithurae is defined as Hesperornithiformes, Ichthyornithi- 
formes, and Neornithes (Martin 1983; Chiappe 1995). The 
closest relative to Ornithurae appears to be Patagopteryx (fig. 
11.6), a flightless bird from the Cretaceous of Patagonia measur- 
ing a half-meter in height (Chiappe 1996b). Liaoningornis and 
Chaoyangia (fig. 11.6) are two other possible members of this 
clade (Hou et al. 1996). Hesperornis (fig. 11.6) and its allies (Marsh 
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FIGURE 11.4. Rahonavis: A, reconstruction; B, preserved remains. 


Scale = 5 cm. (From Forster et al. 1998.) 


FIGURE 11.5. Sinornis: A, reconstruction; B, preserved remains. 
Scale = 1 cm. (From Sereno and Rao 1992.) 
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1880a) were loonlike divers that were over a meter long (Martin 
and Tate 1976). Teeth were retained except in the premaxilla. The 
beak was low and long, and the neck was long. The humerus was 
reduced to a curved splint, and the rest of the arm was lost or not 
preserved. The pelvis was exceedingly long, especially behind 
the hip socket, and the femur was very short and broad. The 
tibiotarsus, meanwhile, was long, and the fourth toe was longer 
and more robust than the others. This suggests that the feet were 
useful for diving and has implied to some workers that Hesperor- 
nis may have walked on land as strangely as penguins do. Ichthy- 
ornis and its allies (Marsh 1880a) look like more conventional 
birds, resembling terns and still capable of flight. However, their 
anatomy is not well known and needs restudy (Clarke 1999, 
2001). Both Hesperornithiformes and Ichthyornithiformes are 
known from the Late Cretaceous (Padian and Chiappe 1998b). 
Arecent phylogenetic analysis, occasioned by the study of anew 
Late Cretaceous bird called Apsaravis (fig. 11.7; Norell and Clarke 
2001), found that Ichthyornithiformes are the closest known 
group to Neornithes, followed by Apsaravis, Hesperornithiformes, 
and Patagopteryx (Martin 1983; Chiappe 1995, 2001). 

Finally, Alvarezsauridae, a curious and controversial group of 
Cretaceous forms, have been included among basal birds. Un- 
known until the early 1990s, they are represented by Mononykus 
and Shuvuuia, from the Late Cretaceous of Mongolia, but are 
now known from several other forms from the Early and Late 
Cretaceous of North and South America as well. When Mono- 
nykus was first described (Perle et al. 1993), it was announced as 
a bird that had lost flight, and Chiappe and his colleagues main- 
tained this in numerous publications (e.g., Chiappe 1996a, 
1997). The problem is that these animals look very little like typ- 
ical birds, even basal Mesozoic ones, and do as much to blur the 
bird-dinosaur distinction as any other maniraptorans. The pu- 
bis in many forms (but not basal ones) points backward and lies 
alongside the ischium as in birds, and the fibula is reduced to a 
small splint; there are also several uniquely avian features in the 
skull, neck, and elsewhere (Chiappeet al. 1996), including feath- 
ers (Schweitzer 2001). There is only a single robust, stubby first 
manual digit, with remnants of the second and third known 
from other forms. The carpus is fused into an immobile block, 
and the humerus and antebrachium are greatly foreshortened. 
The olecranon process, or elbow extension, is as long as the rest 
of the ulna. Obviously this animal could not fly, and it is diffi- 
cult to find evidence that it descended from ancestors that did 
fly, although its forelimb is simply too transformed to tell. Opin- 
ion is divided on what exactly it or its ancestors may have done 
with such a limb (Padian and Chiappe 1998b). Some recent work 
(e.g., Sereno 2001) suggests that alvarezsaurids are closer to 
other nonavialan theropods, and that interpretation is accepted 
provisionally here. Clark et al. (2002a) found birds to be outside 
Maniraptora + Oviraptorosauria + Therizinosauroidea. Novas and 
Pol (2002) agreed, although they provided no data matrix. How- 
ever, Chiappe et al. (2002) found alvarezsaurids to be either im- 
mediately within or immediately outside Avialae, much as they 
have long maintained. 

Figure 11.8 is based on Chiappe’s (2001) recent phylogeny of 
the basal groups of birds. Supplementary information about 
characters anda data matrix can be found at http://www.peabody 
-yale.edu/collections/vp/; outgroups included allosaurids, dro- 
maeosaurids, and troodontids. Although the major outlines of 
basal bird evolution have been clear for some years, the prolifer- 
ation of taxa, many represented by very fragmentary material, 
has obscured rather than clarified the phylogenetic picture, al- 
though these new finds have been invaluable in showing just 
how extensive the early radiation of birds actually was. Judging 


FIGURE 11.6. Three extinct Cretaceous birds: A, Patagopteryx; B, Chaoyangia; C, Hesperornis. Scale = 10 cm. 
(After Alvarenga and Bonaparte 1992; Hou et al. 1996; and Marsh 1880a.) 


FIGURE 11.7. Preserved remains of Apsaravis. 


whether partial and isolated remains are actually the remains 
of birds, of small (or juvenile) nonavialan theropods, or even 
in some cases of pterosaurs is problematic. Here, in the interest 
of brevity, taxa based on single bones or bone ends are not 
considered (although they may be valid), which means over- 
looking some important material described by Nessov, Kuroch- 
kin, Chiappe, and many other workers around the world. Also 
not considered here is evidence from isolated feathers, eggs and 
eggshells, footprints, or other nonskeletal traces. 

After Archaeopteryx, Rahonavis (fig. 11.4; Forster et al. 1998), 
from the Late Cretaceous of Madagascar, is probably the most 
basal bird, although Clark et al. (2002a) found that it is not a bird 
at all. Although incompletely preserved and surprisingly late in 
time to be such a basal bird, like Archaeopteryx, it displays a com- 
bination of nonavialan theropod and bird features. It has pneu- 
matic foramina in both the cervical and dorsal regions, six sacral 


cav py 


Scale = 10 mm. (From Norell and Clarke 2001.) 


vertebrae, and a long tail. The forearm is greatly elongate as in 
birds, and the ulna bears papillae that appear to be quill nodes. 
The scapula has several derived features that indicate consider- 
able mobility at the shoulder joint, including the ability to raise 
the arm well above the back. The ilium and ischium are much 
as in Archaeopteryx; the latter element is especially similar in its 
short broad form and various processes. The fibula seems to have 
lost contact with the calcaneum, as in birds. Of particular inter- 
est is that the second pedal digit in Rahonavis is more robust than 
the others and bears a large trenchant claw, as in many dromaeo- 
saurids and troodontids, indicating the repeated evolution of 
this functional complex in maniraptorans. 
Confuciusornithidae (fig. 11.3) is the sister taxon to all other 
birds. Currently two genera are recognized: Confuciusornis sanc- 
tus and Changchengornis hengdaoziensis, both from the Yixian 
Formation of northeastern China (Hou etal. 1995a;Jiet al. 1999). 
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FIGURE 11.8. Phylogeny of basal bird taxa. Supplementary information about characters and a data matrix can be 
found at http://www.peabody.yale.edu/collections/vp/. (From Chiappe 2001.) 


They are diagnosed by toothless jaws, a hooked rostrum, a pneu- 
matic maxillary foramen, and a large subquadrangular delto- 
pectoral crest of the humerus. Metacarpal I is not co-ossified 
with the rest of the carpometacarpus; the first phalanx of 
manual digit II] is much shorter than the other nonungual pha- 
langes; the second manual claw is much smaller than the others; 
and the caudal end of the sternum is V-shaped (Chiappe et al. 
1999a). Changchengornis differs from Confuciusornis in having a 
shorter hooked rostrum and several minor postcranial features; 
it is incompletely preserved and known from only one individual 
at present. 

Iberomesornis, briefly discussed above, is a basal member of 
Ornithothoraces that shares the general features of that group, 
which includes this genus, Neornithes, and all their common 
descendants. Postulated synapomorphies (Chiappe 1995) in- 
clude a strutlike coracoid, a sharply pointed scapular end, an 
ulnar shaft twice as thick as the radial shaft, and a pygostyle. 
Confuciusornis is now known to share all but one of these fea- 
tures: it retains a blunt scapular end. In addition, it shares 
with more derived birds the reduction of manual digits I and III, 
such that digit I does not surpass the distal end of metacarpal II 
and digit III does not surpass the distal end of the first phalanx 
of digit II. This pattern is not synapomorphic of Enantiornithes 
(contra Zhang and Zhou 2000) but an intermediate step in the 
further reduction of the digits seen in Ornithurae. Furthermore, 
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Iberomesornis and its close relative Noguerornis are now thought 
to be basal Enantiornithes (Sereno et al. 2002). 

Enantiornithes (fig. 11.5) share anumber of synapomorphies 
with more derived birds, including heterocoelous cervicals, a 
synsacrum with eight or more vertebrae, and fused distal tarsals 
and metatarsals (Chiappe 1995). To this may be added a scapu- 
locoracoid articulation well below the shoulder end of the cora- 
coid; a well-developed transverse ligamental groove on the 
humerus; and the dorsomedial surface of the femoral head flat- 
tened and bearing a broad, shallow depression for the capital 
ligament (Forster et al. 1996). These features are all shared by 
Vorona Forster, Chiappe, Krause, et Sampson, 1996, from the 
Late Cretaceous of Madagascar, yet Vorona apparently is not an 
enantiornithine. The proximal tarsals are co-ossified to the 
tibia, metatarsal II lacks the dorsolateral tubercle of Enanti- 
ornithes, and the trochlea of metatarsal II is smaller than that of 
metatarsal III. Vorona is distinguished by a short, blunt cnemial 
crest on the tibiotarsus, an irregular low ridge on the medial sur- 
face of the proximal tibiotarsus, a narrow but deep notch on the 
proximodorsal tarsometatarsus between metatarsals I and II, 
and an expanded vascular groove proximal to the distal foramen 
on the tarsometatarsus. Protopteryx Zhang and Zhou, 2000, like 
Vorona, shares some synapomorphies with Enantiornithes 
and more derived birds, but it has only seven sacral vertebrae, 
its distal tarsals are not fused, and it lacks several other typical 


enantiornithine characters; if it is allied particularly to Enanti- 
ornithes, it is probably basally situated or perhaps juvenile. 

Enantiornithes are diverse, and their morphology is vari- 
able; some have teeth, but some lack them, and they have a sub- 
stantial geographic and ecological range (Chiappe 1996a; Padian 
and Chiappe 1998b). The deltopectoral crest of the humerus 
is longer and lower than in Confuciusornis, more like those of 
Archaeopteryx and of more derived birds. The sternum has a large 
keel, and the furcula is U-shaped, often with a long hypoclei- 
deum; in most forms the feet bear long, trenchant claws, pre- 
sumably for grasping or perching. They ranged from sparrow- 
sized to about 1 m in wingspan. 

Patagopteryx (fig. 11.6; Alvarenga and Bonaparte 1992) is the 
sister taxon of ornithurine birds in all comprehensive analyses 
of bird phylogeny. Synapomorphies of this node include a sagit- 
tally curved scapula, the loss of the pubic foot, a prominent tibio- 
fibular crest on the femur, and a completely fused tarsometatar- 
sus (Chiappe 1995). Patagopteryx itself is a large and flightless 
bird, standing nearly half a meter tall. Its hindlimbs are robust, 
and its forelimbs are reduced (Chiappe 1996b). 

Ornithurine birds comprise the historically recognized groups 
Ichthyornithiformes, Hesperornithiformes, and Neornithes, plus 
all descendants of their most recent common ancestor (Martin 
1983). In Ornithurae the quadrate has a sharp orbital process; 
the dorsal series is reduced to fewer than 11 vertebrae; the ac- 
etabulum is small; the pubis, ilium, and ischium are subparallel 
in orientation; the femur has a prominent patellar groove; the 
coracoid has a procoracoid process; and the tibiotarsus has two 
cnemial crests (Chiappe 1995). In addition, there are at least ten 
sacral vertebrae; the pubis and ischium are closely appressed; 
the pubis is mediolaterally compressed; the lateral condyle of 
the tibiotarsus is as wide as, or wider than, the medial condyle; 
and metatarsal III is pinched proximally between metatarsals II 
and IV (Norell and Clarke 2001). 

Hesperornithiformes (fig. 11.6) are loonlike, diving birds 
known mostly from the Late Cretaceous of western North Amer- 
ica, from Alaska to the southern states; they inhabited the 
coastal areas and edges of the large continental sea that covered 
the middle of the continent during much of the Cretaceous 
(Martin and Tate 1976; Martin 1984). As noted above, they are 
distinguished by a long, low skull that retains pointed, recurved 
teeth on the maxilla and mandible but not on the premaxilla. 
The neck, as in Patagopteryx, is long and incorporates additional 
vertebrae into the cervical series. The shoulder girdle is reduced, 
and only a splintlike humerus is known. The ilium is tremen- 
dously long, longer than the dorsal series and about as long as 
the neck. The length of the femur is less than one-third that of 
the ilium and broad and robust. The tibia is about three times as 
long as the femur in Hesperornis, and the metatarsals are strong 
and stout. The fourth pedal digit is much longer and more ro- 
bust than the others. 

Apsaravis (fig. 11.7), from the Late Cretaceous of Mongolia, 
is distinguished by a strong tubercle on the proximal caudal sur- 
face of the humerus directly distal to the humeral head, a hyper- 
trophied trochanteric crest on the femur, and well-projected 
wings of sulcus cartilaginis tibialis on the caudodistal tibiotarsus 
(Norell and Clarke 2001). Apsaravis shares with Ichthyornithi- 
formes and Neornithes a cranially developed midline ridge asso- 
ciated with a cranial sternal keel (indeterminate or transformed 
in some related taxa), an obturator flange on the proximal is- 
chium, anda mediolaterally oriented postacetabular ilium (Norell 
and Clarke 2001). 

Ichthyornithiformes, like Hesperornithiformes, have been 
well known since 1880 as the “birds with teeth” that Marsh de- 


scribed in his well-publicized monograph, reviled in Congress 
(unjustly) as a prime example of waste in government spending. 
Unfortunately, Marsh’s restorations of Ichthyornis have long given 
the impression that the material is better preserved and more 
complete than it actually is, anda complete revision of the taxon 
is much needed (Clarke 1999, 2001). Ichthyornis shares with Ne- 
ornithes at least one hypotarsal ridge, a procoracoid process, 
and a medially curved acrocoracoid process. However, with re- 
gard to synapomorphies, unlike in Neornithes the deltopectoral 
crest of the humerus projects dorsally, not cranially; the pneumo- 
tricipital fossa of the humerus does not contain a pneumatic 
foramen; there is only one proximal vascular foramen in the 
proximal tarsometatarsus; and the ossified supratendinal bridge 
on the tibiotarsus is absent (Norell and Clarke 2001). Apatornis 
is closer to Neornithes than Ichthyornis is (Clarke 2001). 

A recent analysis of Mesozoic neornithine birds is given by 
Hope (2002). For further phylogenetic information, the reader 
is referred to Gauthier and Gall (2001) and Chiappe and Witmer 
(2002). 


Biogeography 


Several factors make it difficult to reconstruct the biogeographic 
history of basal birds without appealing to problems of bias 
and preservation. It is not appropriate to infer that bird evolu- 
tion began in Germany (or more broadly, Europe) simply be- 
cause Archaeopteryx is found there. Indeed, other closely related 
maniraptoran taxa are found in the North American Jurassic 
and other places in the world. No matter where basal birds orig- 
inally evolved, given the gap of 25 million years between Archae- 
opteryx and Confuciusornis, it would be no great feat for flying 
animals to travel from one region to anywhere else in the world. 
In addition, Rahonavis is found in Madagascar, which suggests 
either that these animals were generally widespread from the 
Late Jurassic or that they had managed to make their way to 
the southern realms by the later Cretaceous. Through the Cre- 
taceous, Enantiornithes seem to have spread through nearly 
every continent. Hesperornithiformes and Ichthyornithiformes 
are restricted to the northern continents, however. 

These patterns suggest little when compared with a reason- 
able phylogenetic hypothesis of basal bird evolution (fig. 11.8). 
The reasons are evident when the quality of the fossil record 
is considered (Unwin 1993): bird bones are generally small and 
fragile and thus difficult to preserve; the fossil record is not 
equally preserved or explored around the world; and birds can 
fly, so dispersal is a more obvious method of biogeographic 
spread than is vicariance—except perhaps in the case of flight- 
less groups of birds, such as Ratites. 


Paleobiology 


The Transition to Birds 


Several changes were crucial to the evolution of birds from thero- 
pod dinosaurs. Flight is an obvious one, and this transition in- 
volved nearly every organ system of the body. However, birds 
had to evolve flight from the structures, functions, and behav- 
ioral repertoires of their ancestors. 

Histological studies of the bones of nonavialan theropods 
and Mesozoic birds indicate how birds became small, although 
judging from Microraptor, not all their relatives were necessarily 
much larger (Xu et al. 2000c). Nonavialan theropods grew very 
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quickly: their bone cortices comprise well-vascularized fibro- 
lamellar bone in which the vascular canals are oriented pri- 
marily circumferentially, with frequent radial anastomoses 
and also some longitudinal canals. These features characterize 
bone that grows rapidly, as in large birds and mammals of today 
(Erickson et al. 2001; Padian et al. 2001b; Ricqlés et al. 2001), and 
do not predominate, if they are found at all, in the bone tissues 
of other reptiles. The bones of Confuciusornis (Ricqlés et al. 2001, 
in press) are dominated by tissue that is moderately well vascu- 
larized for dinosaurs but not as highly as in large forms; rather, 
as in many smaller dinosaurs and pterosaurs (Padian et al. 
2001a, in press), the growth rates reflected by these tissues are 
somewhat slower than for larger related taxa (Case 1979). Based 
on actualistic growth rates (Castanet et al. 1996), it is estimated 
that Confuciusornis reached adult size in about half a year 
(Ricqlés et al. 2001, in press). Previous studies of the bones of 
Patagopteryx revealed similar tissues, but those of two enanti- 
ornithine femora were nearly avascular (Chinsamy et al. 1995). 
This lack of vascularity does not reflect low metabolic rates or in- 
complete evolution of endothermy, as originally inferred (Chin- 
samy et al. 1995), but simply the tissue of mature birds, in which 
active growth truncates after they reach adult size; the inner 
cortex of these thin-walled bones was eroded during growth but 
as in most birds probably would have revealed tissues reflecting 
more rapid growth rates. The tissues of Cretaceous ornithurine 
birds resemble more closely those of living birds, suggesting that 
in these taxa, and by that point, growth to adult size was about 
as rapid as it is in birds today (Chinsamy et al. 1998). 

Archaeopteryx is so similar to Late Jurassic coelurosaurs that 
for decades a small Archaeopteryx that preserved no feather im- 
pressions was identified as a juvenile of the contemporaneous 
coelurosaur Compsognathus (Wellnhofer 1974). Their bones were 
hollow and thin walled, and as noted above, their vertebrae 
were already beginning to be lightly excavated. Their eyes were 
large, as were their brains, at least among dinosaurs (Hopson 
1980a). Maniraptoran coelurosaurs had very long arms and 
hands, in some cases three-fourths as long as the legs (Dingus 
and Rowe 1998). They also had sterna and furculae, and it now 
turns out that some had feathers, including a kind of feather- 
ing that clearly preceded that of true birds (Ji et al. 1998; Padian 
et al. 2001a). The origin of birds and bird flight is a story of 
co-opting existing structures and functions to new purposes 
(Chiappe 1995; Gatesy 1995; Padian and Chiappe 1998a, 1998b). 
And the key, as in so much of evolutionary change, lies in be- 
havioral flexibility. 

The first theropods in which well-developed sterna and fur- 
culae have been found did not use them for flight. These struc- 
tures were more likely useful for anchoring the muscles that 
move the forelimbs forward and backward, as they do in living 
birds. However, these animals were grabbing prey with such 
motions, not flying (Gauthier and Padian 1985; Gishlick 2001). 
The semilunate carpal, likewise, was not at first used for flight 
but instead allowed the large hands to be swung backward out 
of the way of the animal (fig. 11.9). However, the shoulder 
socket, formed at the caudal junction of the scapula and cora- 
coid, still faced backward and a bit downward in most of these 
theropods. Novas and Puerta (1997) reported the discovery of 
an Argentinean maniraptoran, Unenlagia, that is very close to 
birds, and according to them, its shoulder socket faces sideways, 
as in true birds (see also Norell and Makovicky 1997). This pre- 
sumably allowed a shift in motion, so that the arm could be 
swung laterally with more excursion (Jenkins 1993). This tran- 
sition was essential to the evolution of the flight stroke (Padian 
1985, 1987; Rayner 1987, 1988). 
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FIGURE 11.9. The evolution of the flight stroke began with a predatory 
stroke in nonavian maniraptoran theropods (sequence from A to D); the 
key was the sideways rotation of the wrist, facilitated by the semilunate 
carpal and later by the change in orientation of the shoulder girdle. 
(From Gishlick 2001.) 


Most crucial to the evolution of truly “avian” features, per- 
haps, were feathers. It had always been assumed that feathers 
evolved from scales, but feathers differ both developmentally 
and biochemically from the scales of living reptiles (Brush 1996; 
Prum and Williamson 2001). “Scales” per se were virtually un- 
known in Mesozoic dinosaurs, so the origin of feathers remained 
mysterious. However, Ji and Ji (1996) reported the discovery of 
a new basal coelurosaur closely related to Compsognathus from 
the Late Jurassic or Early Cretaceous beds of Liaoning, China, 
which they named Sinosauropteryx (fig. 11.10). This animal had 
a fringe of hairlike or downlike structures along its neck and 
backbone and apparently elsewhere over the body (Chen et al. 
1998). Microscopic photos showed that these integumentary 
structures were filamentous but lacked the central rachis of true 
feathers. Given so much other evidence for the theropod an- 
cestry of birds, the appearance of structures similar to feathers 
is not surprising. These, however, are too rudimentary to be 
considered true feathers, although by virtue of their position, 
distribution, and composition they are manifestly homologous 
to them (Padian 2001a, 2001b; Padian et al. 2001a). 

In 1997 Ji and Ji unveiled another new discovery, one that 
added a crucial missing stage. Protarchaeopteryx (fig. 11.10), also 
from the Liaoning beds, was a true maniraptoran coelurosaur, 
and although it had short arms, they bore feathers that also 
extended along the body and the tail. At least the end of the tail 
bore vaned, barbed, symmetrical feathers, very similar to those 
of true birds. Yet this animal was not a bird, because it lacked the 
diagnostic features discussed above that would identify it as an 
animal sharing an exclusive common ancestry with Archaeop- 
teryx and later birds. Its feathers were too short and simple, and 
its arms too short, to permit flight. 

In the following year, Ji et al. (1998) brought to light yet an- 
other feathered dinosaur, again from the Liaoning beds. This 
animal, Caudipteryx (fig. 11.9), now is considered a feathered 
oviraptorosaur (see OsmOlska et al., this vol.). It has remiges at- 
tached to its second digit and a complement of feathers along 


FIGURE 11.10. Feathers and integumentary structures in nonavian dinosaurs: A, caudal dorsal region of 
Sinosauropteryx, showing filamentous integumentary fibers; B, tail feather of Protarchaeopteryx; C, iso- 
lated plumulaceous feathers of Protarchaeopteryx; D, caudal region of Caudipteryx, showing pigmented 
soft tissue above the vertebrae and bases of rectrices below them; E, proximal hemal arches of 
Caudipteryx, showing fibrous and filamentous structures. Scale = 5 mm. (From Chen et al. 1998; Ji et al. 


1998; and Ricqlés et al. 2003.) 


either side of its tail, as in Archaeopteryx. The feathers, as in Pro- 
tarchaeopteryx, have a rachis, symmetrical vanes, and barbs, and 
the presence of at least rudimentary barbules is suggested by the 
neat arrangement of the barbs on the vanes. Yet its forelimbs 
were very short, only about 40% as long as the robust hindlimbs, 
and flight was out of the question. So it is clear from this picture 
that feathers, although they became more complex in thero- 
pods closest to birds, did not evolve for the purpose of flight or 
any purpose connected to flight (Padian 2001a, 2001b). 
Archaeopteryx has a full complement of primary and second- 
ary feathers, including under-coverts, as well as vaned feathers 
along its long, bony tail (fig. 11.1; Rietschel 1985). Griffiths 
(1996) notes that the isolated feather, which he takes for a sec- 
ondary, has downy basal barbs that suggest an insulatory func- 
tion; perhaps this also indicates the evolution of contour and 
flight feathers from more downlike feathers (Prum 1999; Padian 
et al. 2001a; Prum and Williamson 2001; Xu et al. 2001). Zhang 
and Zhou (2000) suggest that bird feathers evolved as a sequence 
of the elongation of reptilian scales, the appearance of a central 
shaft, the differentiation of vanes into barbs, and the appear- 
ance of barbules and barbicels. This is based on their assumption 
that the long tail feathers of Protopteryx are primitive, but they 


are not. They also appear in Confuciusornithidae but not in 
Archaeopteryx, in which vaned, barbed feathers with barbules are 
already present (Rietschel 1985; Griffiths 1996). The tail feathers 
have almost completely undifferentiated vanes in Protopteryx 
and in Confuciusornis, and this is also true of the similar feathers 
in the birds of paradise today (Chiappe et al. 1999a; Zhang and 
Zhou 2000). 

The filamentous integumentary structures that cover the 
body in Sinosauropteryx, Beipiaosaurus, Sinornithosaurus, and other 
nonavialan coelurosaurs are thick and coarse. They are osten- 
sibly “plesiomorphic feathers” (Xu et al. 2001). In Caudipteryx 
and Protarchaeopteryx the smaller, isolated plumulaceous feath- 
ers may represent a gathering of these filaments into tufts 
(fig. 11.10; Padian et al. 2001a). Feather shafts may have been 
formed by the consolidation of individual filaments; the shafts 
are approximately the same length as the terminal filaments, 
which are branched but do not have central shafts (Padian 2001a; 
Xu et al. 2001). The evolution of feathering, then, appears to 
follow this sequence: (1) filamentous integumentary covering 
(branched and/or unbranched), as in Sinosauropteryx; (2) addi- 
tion of true, vaned contour feathers on the body, forelimbs, 
and tail, as in Caudipteryx, Protarchaeopteryx, and Archaeopteryx; 
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Center of 
gravity 


FIGURE 11.11. The flapping of even rudimentary wings can increase thrust and hence groundspeed. Velocity (V), lift (L), and thrust (T) increase 


with increased running and flapping, and there is a corresponding decrease in weight (W), ground reaction force (S), and hindlimb propulsion (P). 


(From Burgers and Chiappe 1999.) 


(3) transformation of forelimb feathers into flight feathers, as in 
Archaeopteryx and all other birds, while retaining the filamentous 
feathery covering seen in Protopteryx and Longipteryx (Zhang and 
Zhou 2000; Zhang F. et al. 2000); (4) loss or transformation of 
filamentous covering, replaced by contour and downy feathers. 

The original utility of feathers can be inferred by looking at 
their phylogenetic transformation. Beginning with the “proto- 
feathers” of Sinosauropteryx, several functions are plausible and 
were proposed by paleontologists long before these structures 
were discovered (reviews in Hecht et al. 1985; Ricqlés 2000). Al- 
though rudimentary, they ostensibly had a function in trap- 
ping air that could be warmed by escaping body heat and so 
served as insulation. This function would have been especially 
important for hatchlings, but evidently there was some advan- 
tage to feathers’ eventual persistence in adults. Depending on 
their color and pattern, they could have served as camouflage 
(again, especially useful to the young) or alternatively as display 
structures (for species recognition in these highly visual ani- 
mals, as territorial warnings, or as mating attractions). Several of 
these proposed original functions are simultaneously plausible, 
but flight was clearly not among them. 


The Evolution of Flight 


Flight is a difficult and demanding means of locomotion. Con- 
sideration of the origin of flight goes back over a century and has 
often been reviewed (Ostrom 1974a, 1979, 1986a, 1995; Padian 
1985, 1987; Rayner 1988; Padian and Chiappe 1998b). Usually 
the question has been framed in terms of a dichotomy: from the 
trees down (arboreal) or from the ground up (cursorial). The 
arboreal model (e.g., Bock 1986) proposes that avialan ancestors 
climbed trees, parachuted to the ground, and glided from tree to 
tree before evolving true flight. The traditional cursorial model 
proposes that bird ancestors ran along the ground and leaped 
into the air, using their forelimbs first for balance and eventually 
for propulsion as the surface area of feathers increased (e.g., 
Caple et al. 1983; Ostrom 1986a). A newer version (Burgers and 
Chiappe 1999; Burgers and Padian 2001) proposes that flapping 
while running assisted forward thrust and eventually, with the 
aid of ground effect, led to powered flight (fig. 11.11). The cur- 
sorial model is consistent with, but does not depend on, the dis- 
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covery that birds evolved from theropod dinosaurs, who were 
not known to climb trees. The arboreal model has gravity in its 
favor but has traditionally lacked much direct evidence because 
no proposed bird ancestors had explicitly identifiable arboreal 
features—although many animals that have no obvious arbo- 
real adaptations in their skeletons (e.g., goats and kangaroos) 
surprisingly climb trees, and most small animals can climb trees. 

The adaptation of flight centers on the flight stroke, without 
which no forward thrust can be generated (Padian 1985, 2001a, 
2001b). In birds and bats today the inner segments of the wing, 
associated with the humerus and forearm, generally produce 
lift, whereas the motion of the distal segment of the wing pro- 
vides thrust by generating a complex series of vortex wakes 
(Rayner 1987). The forward thrust of the hand at the wrist is an 
action that is not found in typical tetrapods; in fact, only birds 
and bats among living animals can perform this action. This is 
why the sideways flexure of the wrist in maniraptorans such as 
Deinonychus and Velociraptor was so important to the ability to 
evolve flight. That action, when the limbs are outstretched to 
the sides, now moves the hand, not upward and forward as in 
dromaeosaurids, but forward and downward (fig. 11.9; Gauthier 
and Padian 1985; Ostrom 1995; Ostrom et al. 1999; Gishlick 
2001; Padian 2001a, 2001b). This is the basis for the production 
of the vortex wake of the flight stroke. If this orientation was 
already possible in animals such as Unenlagia, and if these 
maniraptoran coelurosaurs were also feathered, then the com- 
ponents were present for the assembly of the complex adapta- 
tions that constitute avian flight. 

Judging from character-state changes in Archaeopteryx and 
other theropods, the improvement of the motion that became 
the flight stroke was incremental and involved changes in a 
mosaic of features of the forelimb (Jenkins 1993). Most features 
typically associated with flight evolved in different functional 
contexts and eventually proved useful to flight, whereas other 
flight-related features did not appear until well after Archaeop- 
teryx (fig. 11.12). The bones were already thin walled in thero- 
pods, but in later birds they became more so (no more than 
about 15% of the diameter of the bone), and many bones of the 
skeleton became pneumatic. The scapula and coracoid became 
fused to each other in adults, the coracoids had a stronger con- 
nection to the sternum, and the sternum became longer and 
more robust with a pronounced keel. The furcula, originally a ro- 
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FIGURE 11.12. Stages in the origin of bird flight; the phylogeny is based on other characters (see references in text). 


bust, boomerang-shaped structure, became U-shaped and even 
V-shaped in some neornithine bird groups, suggesting a function 
in storing energy during the downstroke of flight that could be 
released during the upstroke (Jenkins et al. 1988). More verte- 
brae were added to the sacrum, the ilium became longer, and 
the pubis and ischium slighter and usually fused to each other 
and the ilium in adults. The tail was reduced to the characteris- 
tic pygostyle attached to a small number of free caudal verte- 
brae. The bones of the hand fused together, and some phalanges 
were lost, including the claws in nearly all birds. The metatarsals 
also fused to each other and to the distal tarsals, and the toes 
changed as described above. Many Early Cretaceous birds have 
large foot claws with a pronounced curvature, suggesting good 
perching ability and perhaps the ability to seize prey. The arms 
became longer, nearly as long as the legs in Deinonychus and 
longer than the arms in all birds except those that are second- 
arily flightless. And the feathers evolved into several different 
constructions performing different functions in various parts 
of the body. Notably, the flight feathers evolved complex, inter- 
locking barbules that enable the bird to present an aerodynam- 
ically solid surface to the air and, at least in some birds, allow air 
to flow through the wing during the upstroke, when the airfoil 
is collapsed, for greater efficiency. Eoalulavis, a small Early Cre- 
taceous bird, is the first one known with an alula, or “thumb 
wing,” a structure that breaks up the flow of air over the wing 
and reduces turbulence, so that the animal can fly at slower 
speeds with greater maneuverability (Sanz et al. 1996). 


The Fossil Record of Birds 


Bird bones are among the most fragile of any tetrapods’ because 
their bone walls are so thin. When bird skeletons are exposed to 
the elements, they are easily disarticulated and destroyed, and 
often some ends of long bones are all that is available. The sedi- 
mentary rocks in which bird bones are collected can sometimes 
provide clues to their ancient habitats. Most environments in 
which sediments are preserved, as opposed to eroded away, are 


associated with water, which brings in particles that settle as 
sediment, preserving their contents. The fossil record of shore- 
birds, seabirds, and other birds that lived near such waters tends 
to be better than that of forest, savanna, and mountain birds, 
although bird remains from fluvial and lacustrine deposits are 
known (Padian and Clemens 1985; Davis and Briggs 1995; Chi- 
appe 1997). 

In general, two features characterize the bird fossil record. 
One is that the known diversity of birds increases toward the 
Recent. This is because older sediments tend to become buried 
or destroyed by erosion. However, it also reflects a real pattern of 
diversification of bird groups through time, especially at lower 
taxonomic levels. A second feature is that the best fossil record 
of birds is through Lagerstdtten. Examples include the afore- 
mentioned Upper Jurassic Solnhofen limestones of Germany, 
the Cretaceous Las Hoyas beds of Spain, and the Liaoning beds 
of China, as well as the more recent Eocene deposits in Messel, 
Germany, the Oligocene Phosphorites du Quercy in France, 
and the Pleistocene La Brea Tar Pits and the Holocene Emeryville 
Shellmound, both from California (reviews in Feduccia 1996). 

The available fossil record of birds comprises on the order 
of one thousand genera, most with only one species, but it is 
growing continually. Even in the Mesozoic bird record Chiappe 
(1997) charted an increase from a half-dozen or so genera 
(1860-1970) to nearly six times that number at present. Most ne- 
ornithine lineages are not known until the Paleocene or Eocene, 
but Late Cretaceous records of fossils have been assigned to 
Charadriiformes, Gaviiformes, Anseriformes, Procellariformes, 
and possibly Psittaciformes—although not to living subgroups 
of those lineages (Dingus and Rowe 1998), except Anseriformes 
(Stidham 2001). The presence of these taxa, given phylogenetic 
relationships established by both molecules and morphology, 
suggests that many other “ghost” lineages of Neornithes had 
diverged by the Late Cretaceous (Stidham 2001), although this 
inference was disputed by workers who found the material too 
fragmentary to be considered diagnostic (Clarke and Chiappe 
2001). The presence of these groups would suggest that ratites 
and tinamous (the sister taxon of Neognathae), Galliformes 
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(usually considered the most basal of major neognath groups), 
and Pelicaniformes, Sphenisciformes, and Podicipediformes 
(related to Procellariformes and Gaviiformes) must also have 
been present. This is not to say that pelicans, penguins, chick- 
ens, and so on, looking anything like they do today, were present 
in the Cretaceous. In fact, their representatives of the time may 
have differed only slightly from their common ancestor and 
may be all but unrecognizable to us by their skeletons. Nonethe- 
less, their lineages were apparently present. At least one molec- 
ular analysis using mitochondrial and nuclear DNA concluded 
that at least 22 lineages of living birds diverged well before the 
end of the Cretaceous (only 9 or 10 can so far be inferred from 
fossil and phylogenetic evidence) and that the extant bird “or- 
ders” began to diverge in the Early Cretaceous (Cooper and Penny 
1997). This backward projection to 100 million years ago or so 
extends to 20-30 million years earlier than present fossil evi- 
dence suggests. Frequently paleontological and molecular dates 
have converged as more fossils have been found and the calibra- 
tions of the estimates of divergence rates of molecules have been 
revised, so the answer may lie somewhere in the middle. 

It has sometimes been claimed that birds went through a 
“bottleneck” during the end-Cretaceous extinctions that wiped 
out so many other forms of life, that is, that only a few kinds of 
birds survived to populate Earth from then on. However, there 
is no evidence for this claim (Dingus and Rowe 1998; Cracraft 
2000). Some groups of archaic birds became extinct at some time 
during the Late Cretaceous (Stidham and Hutchison 2001), but 
whether this extinction was a gradual or sudden phenomenon 
is not known (Chiappe 1995). As noted, many or most lineages 
of living birds diverged before the end of the Cretaceous and sur- 
vived. No groups of neornithine-related ornithurine birds failed 
to survive the end-Cretaceous extinctions. Although the other 
dinosaurs dwindled and eventually perished well before or near 
the Cretaceous-Tertiary boundary, most other groups of tetra- 
pods survived unscathed (Archibald 1996a). 

It is a truism that the greatest diversity of higher taxa (orders, 
suborders, and so on) is found earlier in the history of the group, 
whereas lower taxa (genera and species) are more diverse later 
in their histories (Simpson 1944). Consistent with this pattern, 
it is not until the Eocene that a real jump in the number of 
higher avialan taxa can be discerned; thereafter diversity stays 
relatively constant, with only a few additions in the late Tertiary 
(Padian and Clemens 1985; see also Olson 1985 and Unwin 
1988, 1993). Judging from the diversification patterns seen in 
the available fossil record, the Eocene was populated largely by 
archaic members of the living groups of birds; most higher taxa 
that include living birds had diversified by the Oligocene, and 
by the Miocene and Pliocene most living genera and some species 
(or their close precursors) had differentiated (Olson 1985; Fe- 
duccia 1996; Dingus and Rowe 1998). However, the Paleocene 
record is not strong but holds considerable promise for under- 
standing the tempo and mode of bird evolution. 

The present-day diversity of some 9,700 species of birds is 
greater than in the Early Tertiary but several thousand fewer 
than it was only a few thousand years ago, according to archae- 
ological evidence. Dingus and Rowe (1998) analyze this pre- 
cipitous drop in three phases. The first can be attributed to the 
climatic changes of the Pleistocene glaciations, which not only 
tied up thousands of square miles in glaciers and lowered global 
temperatures but also destabilized Pliocene climates and fos- 
tered the initial habitat deterioration of the Holocene. Many 
large birds, such as the giant flightless phorusrhachid Titanis 
and the giant condorlike Teratornis, with a wingspan of 25 feet, 
became extinct, but smaller forms did as well. A second wave 
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of extinction occurred several thousand years later and was 
strongly focused on oceanic islands and island continents such 
as Australia. The role of humans in the first wave is debatable, 
and in the second, plausible. However, it is clearly instrumental 
in what Dingus and Rowe describe as the third wave, the one 
that has been going on for several hundred years. It began with 
the growth of human populations and the development of 
agriculture, pressures that reduced habitats for birds adapted to 
both stable and periodically disturbed environments. It con- 
tinues today with the destruction of marshlands, wetlands, 
and ecotones, the replacement of native floras by tougher in- 
vaders and escaped cultivated plants, and the deforestation of 
a high percentage of tropical, subtropical, and temperate habi- 
tat. In addition to spectacular cases such as the dodo, the 
Carolina Parakeet, the Great Auk, and the passenger pigeon, 
dozens of other bird species and groups are gone or severely 
endangered as a result of the actions of humans, including, for 
example, most of the native Hawaiian avifauna. This regret- 
table process has put at risk a substantial part of living verte- 
brate history. 


Conclusions 


Birds are the only extant dinosaurs, the representatives of an 
odyssey of evolution that conquered the air like no other group 
of vertebrates has, and the inheritors of 140 million years of 
biological history. They evolved from small carnivorous thero- 
pods related to troodontids and dromaeosaurids that were al- 
ready feathered and already had the ability to move their limbs 
in ways manifestly similar to the stroke used in flight, except 
that this stroke was originally used in seizing prey (Gauthier and 
Padian 1985; Jenkins 1993; Ostrom et al. 1999; Gishlick 2001). 

Many particulars of the avialan pelvis and hindlimbs were 
highly advanced in structural and functional aspects before 
birds evolved, and they continued to change thereafter (Gatesy 
1995; Gatesy and Dial 1996; Hutchinson 2001a, 2001b). With 
the evolution of flight in Archaeopteryx and its relatives, the fore- 
limb apparatus began to evolve much more quickly than before, 
with substantial advances during the latest Jurassic and Early 
Cretaceous (Chiappe 1995); these included elongation of the 
arm and hand, progressive fusion of the carpal and metacarpal 
elements and modifications to the phalanges, and greater ex- 
cursion at the shoulder joint. To these can be added the exten- 
sive modification of feathers, the evolution of quill nodes, and 
the appearance ofan alula (Padian and Chiappe 1998b). The tail, 
reduced to a pygostyle, acquired a different locomotor function 
in the air than it had on the ground (Gatesy and Dial 1996). The 
sternum became larger, and presumably the pectoralis muscle 
assumed a greater dichotomy of function: the cranial part, in- 
corporating the furcula, had greater effect in moving the fore- 
limb forward, in concert with the caudal part, which brought it 
downward and backward (Padian 2001b). 

After birds fully evolved flight, they began to commit the 
forelimb to that function and to reduce its use in other functions 
(Vazquez 1994). The feet took over many of these functions, such 
as grasping, and as birds became more aerial they probably spent 
less time running on the ground. Many basal birds, such as the 
enantiornithine Sinornis, had long, trenchant foot claws that 
would have served it well in grasping prey or tree branches. 

The past two decades have revealed a great “unsuspected di- 
versity” in Mesozoic birds (Padian and Chiappe 1998b). The spec- 
tacular Early Cretaceous fossils from China, avialan and non- 
avialan alike, have given us many keys to the evolution of birds, 


feathers, and flight. The discovery of the group known as Enanti- 
ornithes has enabled us to place some mysterious partial fossils 
in a coherent clade and has shown a radiation of an archaic 
group over millions of years, a variety of habitats and ecological 
roles, and most continents. And the lineages more closely re- 
lated to living birds have been fleshed out; of particular interest 


is that a great number of living lineages were likely present in 
the Late Cretaceous. Although the bird fossil record from those 
times is still tantalizingly sparse, the number of known and in- 
ferred lineages demonstrates that birds did not go through a 
“bottleneck” at the end of the Cretaceous, although close to it 
the Enantiornithes and hesperornithiforms became extinct. 
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Prosauropod dinosaurs were medium- to large-sized (approxi- 
mately 2.5 to 10 m), bipedal, facultatively bipedal or quadru- 
pedal sauropodomorphs with long necks and tails (fig. 12.1A, 
C). They were obligate or facultative herbivores and are usually 
the most common terrestrial vertebrates in the beds in which 
they occur. The skull is small, less than half the length of the 
femur; the jaw articulation is situated slightly to well below 
the level of the maxillary tooth row; and the dentition consists 
of small, homodont or weakly heterodont, spatulate teeth with 
coarse, obliquely angled marginal serrations. Digit I of the manus 
bears an enormous trenchant ungual. The ilium is low, and the 
distal part of the pubes forms a broad flat apron. The femur was 
not fully erect in the parasagittal plane. Ungual phalanx I of the 
pes is the largest. 

Prosauropods have been found on all the major continents 
(table 12.1), including Antarctica (Hammer and Hickerson 1994; 
Rich et al. 1997:fig. 5), but the Australian record (Agrosaurus) is 
based on mislabeled material of Thecodontosaurus from England 
(Vickers-Rich et al. 1999b; Galton 2000a). 

The identification of prosauropod bones from the Middle 
Triassic (Anisian-Ladinian) of England by Huene (1907-8) was 
based on the misidentification of rauisuchian and phytosaurian 
archosaur and dinosauriform remains (Galton and Walker 1996a, 
1996b). 

The oldest possible prosauropod is Azendohsaurus (Gauffre 
1993a), represented by jaws with teeth from the Argana For- 
mation of Morocco (early late Carnian [Lucas 1998; Harris et al. 
2002]). However, Azendohsaurus may be Ornithodira incertae 
sedis rather than dinosaurian (Jalil and Knoll 2002, in prep.). A 
premaxilla and the caudal part of a lower jaw (Chatterjee 
1984:fig. la-c, f), originally thought to belong to the orni- 
thischian dinosaur Technosaurus from the Dockum Formation 
(early late Carnian [Heckert and Lucas 2000]) of Texas, were 
identified as Prosauropoda indet. by Sereno (1991; see also Hunt 
and Lucas 1994). An Azendohosaurus-like tooth from the Chinle 
Group of Texas is slightly younger (latest Carnian [Harris et al. 
2002]); the material of Long and Murry (1995:191, fig. 193A-E, 
H-K) is not prosauropod. Two different kinds of jaws with teeth 
from the base of Isalo II of Madagascar (Flynn et al. 1999), one 
Azendohsaurus-like (Flynn 2000:47) and the other with more 
primitive-looking prosauropod teeth, are also Carnian. The best 
Carnian record (Heckert and Lucas 2000; Lucas and Heckert 
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2001; Harris et al. 2002) consists of several articulated skeletons 
from the Santa Maria Formation of Brazil; those of Saturnalia 
include impressions of the dentary and teeth (Langer et al. 
1999b), whereas those of described but unillustrated forms from 
a slightly higher Caturrita Formation include skull material 
(Azevedo et al. 1999; Kellner et al. 1999). The presence of mate- 
rial from three continents indicates a Pangaean-wide distribu- 
tion of Prosauropoda soon after the first fossil record (Harris 
et al. 2002), as is also the case for Theropoda (Heckert and Lucas 
2000). The earliest prosauropod fauna is from the Lower Elliot 
Formation (age as Carnian, Shubin and Sues 1991; Carnian 
and/or Norian, Olsen and Galton 1984; Norian, Lucas and 
Hancox 2001; early to mid-Norian, Harris et al. 2002) of south- 
ern Africa (Euskelosaurus, Melanorosaurus, Blikanasaurus [Heer- 
den 1979; Heerden and Galton 1997; Galton and Heerden 1998}); 
an earlier record from southern Africa is a proximal femur from 
the underlying equivalent of the Molteno Formation in Zim- 
babwe (Raath 1996). 

Prosauropods are common in the Norian of Argentina 
(Coloradisaurus, Mussaurus, Riojasaurus [Bonaparte 1972; Bona- 
parte and Vince 1979; Bonaparte and Pumares 1995]) and Ger- 
many (upper Lowenstein Formation, Sellosaurus [Huene 1907-8, 
1932]; Trossingen Formation ?into Rhaetic, Plateosaurus [Huene 
1926a, 1932; Galton 2001a, 2001b]; Ruehleia [Galton 2001a, 
2001b]); complete skeletons of Plateosaurus also occur in the 
Norian of Greenland (Jenkins et al. 1995). The incomplete 
skeleton of Camelotia is from the Rhaetian of England (Galton 
1998b), and the first prosauropod to be described, Thecodonto- 
saurus Riley and Stutchbury, 1836, is represented by many bones 
from fissure fills that are probably the same age (Benton et al. 
2000b). Buffetaut et al. (1995c) describe the distal part of a ro- 
bust prosauropod ischium from the Nam Phong Formation 
(Rhaetian) of Thailand, but it might be from the Nam Phong 
sauropod Isanosaurus, the ischium of which is unknown (Buffe- 
taut et al. 2000b). 

It has long been assumed that prosauropods were restricted 
to the Triassic, but based on the transfer of several important 
Upper Triassic beds that have yielded remains to the Lower 
Jurassic, prosauropods continued to be important until at least 
the Pliensbachian or Toarcian (Olsen and Galton 1977, 1984; 
Olsen and Sues 1986; Shubin and Sues 1991; Luo and Wu 1994; 
Sues et al. 1994a). These beds include the Upper Newark Super- 
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FIGURE 12.1. Prosauropod skeletons: A, Thecodontosaurus, juvenile individual; B, Plateosaurus; C, Mussaurus, juvenile individual; D, Riojasaurus. 
Scale = 10 cm (A), 50 cm (B, D), 1 cm (C). (A after Kermack 1984; B after Huene 1926a; C after Bonaparte and Vince 1979; D after Bonaparte 1972.) 


group and the Glen Canyon Series of North America (Ammo- 
saurus, Anchisaurus, Massospondylus [Galton 1976b; Attridge et 
al. 1985]), the Upper Elliot and Clarens formations and equiva- 
lents of southern Africa (Massospondylus [Cooper 1981b]), the 
Canon del Colorado Formation of San Juan, Argentina (Masso- 
spondylus [Martinez 1999, 2002a]), and the Lower Lufeng Series 
of Yunnan, People’s Republic of China (“Gyposaurus” sinensis, 
Jingshanosaurus, Lufengosaurus, Yimenosaurus, Yunnanosaurus 
[Young 1941a, 1941b, 1942a, 1947, 1948a, 1951; Bai et al. 1990; 
Zhang and Yang 1995]). Kutty (1969) reported prosauropods from 
the Upper Triassic Dharmaram Formation of India, but these 
beds are now regarded as Lower Jurassic (Bandyopadhya and 
Roy-Chowdhury 1996); fragmentary remains of a Massospondylus- 
like form and almost complete skeletons of a melanorosaurid-like 
form are represented (Kutty et al., in prep.). 

Anchisauridae and Plateosauridae were erected by Marsh 
(1885, 1895b), but it was not until 1920 that Huene recognized 
Prosauropoda, which he combined with Sauropoda to form 
Sauropodomorpha Huene, 1932. The various systematic posi- 
tions and constituents of Prosauropoda were reviewed by Col- 
bert (1964a) and Charig et al. (1965) and summarized by Steel 


(1970), who also reviewed all the species of prosauropods. 
Prosauropoda has long been regarded as a paraphyletic taxon in 
which some genera are more closely related to sauropods than 
others (Romer 1956; Colbert 1964a; Charig et al. 1965; Charig 
1982; Bonaparte 1986; Gauthier 1986; Benton 1990a; McIntosh 
1990a; Heerden 1997; Benton and Storrs in Benton et al. 2000b), 
but it is here considered to be monophyletic, as it is in most 
other recent studies (Sereno 1989, 1997, 1998, 1999a; Galton 
1990a; Upchurch 1993, 1995, 1998; Gauffre 1995a, 1996; Novas 
1996a; Wilson and Sereno 1998; Galton and Upchurch 2000; 
Hinic 2002a, 2002b; Martinez 2002a, 2002b; Upchurch and 
Galton, in prep.). 


Definition and Diagnosis 


The stem-based name Prosauropoda is defined as all taxa more 
closely related to Plateosaurus than to Sauropoda. Prosauro- 
poda can be diagnosed by the following synapomorphies: a lat- 
eral lamina on the maxilla; a straplike ventral process of the 
squamosal; a ridge on the lateral surface of the dentary; a cau- 
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brevis Bonaparte, 1978b) 
Euskelosaurus Huxley, 1866 
E. browni Huxley, 1866 


Unnamed prosauropods (= “Gyposaurus” 
sinensis Young, 1941a) 


Jingshanosaurus Zhang et Yang, 1995 
J. xinwaensis Zhang et Yang, 1995 


Lessemsaurus Bonaparte, 1999a 
L. sauropoides Bonaparte, 1999a 


Lufengosaurus Young, 1941b 
L. huenei Young, 1941a (including 
L. magnus Young, 1947) 


(La Rioja), Argentina 


Lower Elliot Formation 
(Free State Province), 
Lower Elliot Formation 
(Cape Province), Bushveld 
Sandstone (Transvaal), 
South Africa; Mpandi 
Formation (Matabeleland 
South), Zimbabwe 

Dull Purplish Beds of the 
Lower Lufeng Series 
(Yunnan), People’s 
Republic of China 


Dull Purplish Beds of the 
Lower Lufeng Series 
(Yunnan), People’s 
Republic of China 


Los Colorados Formation 
(La Rioja), Argentina 


Dull Purplish Beds, Dark 
Red Beds of the Lower 
Lufeng Series (Yunnan), 
Zhenzhunchong 
Formation (Sichuan), 
People’s Republic of China 


late Carnian or 
early Norian 


Sinemurian, or 
Hettangian- 
Pliensbachian 


Hettangian- 
Pliensbachian 


Norian 


?Rhaetian- 
Bajocian 


Prosauropoda 
Occurrence Age Material 
Sauropodomorpha Huene, 1932 
Prosauropoda Huene, 1920 
Ammosaurus Matsh, 1891a 

A. major (Marsh, 1891a) (= Anchisaurus major Portland Formation Pliensbachian- 4 incomplete skeletons, 
Marsh, 1889a, including Anchisaurus solus (Connecticut), Navajo Bajocian juvenile to adult 
Marsh, 1892) Sandstone (Arizona), 

United States 
Anchisaurus Marsh, 1885 (= Megadactylus 

Hitchcock, 1865; Amphisaurus Marsh, 1882; 

Yaleosaurus Huene, 1932) 

A. polyzelus (Hitchcock, 1865) (= Megadactylus_ Portland Formation Pliensbachian Nearly complete skull and 
polyzelus Hitchcock, 1865, including (Connecticut), Portland or Toarcian skeleton, fragmentary 
Anchisaurus colurus Marsh, 1891a) Formation (Massachusetts), skeleton, adult 

United States 
Azendohsaurus Dutuit, 1972 
A. laaroussi Dutuit, 1972 Argana Formation middle 2 dentaries, maxilla, isolated 
(Marrakech), Morocco Carnian teeth, adult 
Camelotia Galton, 1985d 
C. borealis Galton, 1985d Westbury Formation Rhaetian Vertebrae, pubis, ischium, 
(Somerset), England femur, tibia, phalanges, adult 
Coloradisaurus Lambert, 1983 (= Coloradia 
Bonaparte, 1978b) 
C. brevis (Bonaparte, 1978b) (= Coloradia Los Colorados Formation Norian Skull, adult 


16 fragmentary skeletons, 
skull with skeleton, adult 


2 skeletons, 1 with partial 
skull, 2 partial skeletons, 
3 skull fragments, adult 


Complete skeleton with skull, 
adult 


Partial cervical, dorsal, and 
sacral vertebrae, adult 


More than 30 fragmentary to 
complete skeletons, juvenile 
to adult 


TABLE I2.I (CONTINUED) 


Occurrence 


Age 


Material 


Massospondylus Owen, 1854 
M. carinatus Owen, 1854 


Melanorosaurus Haughton, 1924 
M. readi Haughton, 1924 


M. thabanensis Gauffre, 1993c 
Mussaurus Bonaparte et Vince, 1979 


M. patagonicus Bonaparte et Vince, 1979 


Plateosaurus Meyer, 1837 
P. engelhardti Meyer, 1837 


P. longiceps Jaekel, 1913-14 (=P. fraasianus 
Huene, 1932; P. intiger Fraas vide Huene, 
1915; P. trossingensis Fraas, 1913) 


Riojasaurus Bonaparte, 1969 
R. incertus Bonaparte, 1969 


Ruehleia Galton, 2001a 
R. bedheimensis Galton, 2001a 


Saturnalia Langer, Abdala, Richter, et Benton, 


1999* 
S. tupiniquim Langer, Abdala, Richter, 
et Benton, 1999 


Upper Elliot Formation, 
Clarens Formation (Free 
State Province), Upper 
Elliot Formation (Cape 
Province), Bushveld 
Sandstone (Transvaal), 
South Africa; Upper Elliot 
Formation (Leribe), Upper 
Elliot Formation 
(Quthing), Lesotho; 
Forest Sandstone 
(Matabeleland North), 
Upper Karroo Sandstone, 
(Mashonaland West), 
Zimbabwe 


Lower Elliot Formation 
(Cape Province), South 
Africa 

Upper Elliot Formation 
(Mafeteng), Lesotho 


Laguna Colorada Formation 
(Santa Cruz), Argentina 


Feuerletten Formation 
(Bayern), Germany 


Trossingen Formation 
(Baden-Wutrttemberg), 
Knollenmergel 
(Niedersachsen), 
kKnollenmergel (Sachsen- 
Anhalt), Germany; Obere 
Bunte Mergel (Aargau), 
Switzerland; Marnes Irisées 
Supérieures Formation 
(Jura), Marnes Irisées 
Supérieures Formation 
(Doubs), France; Fleming 
Fjord Formation (East 
Greenland), Greenland 


Los Colorados Formation 
(La Rioja), Quebrada del 
Barro Formation (San 
Juan), Argentina 


Knollenmergel (Thiiringen), 
Germany 


Santa Maria Formation 
(Rio Grande do Sul), Brazil 


Hettangian- 
Pliensbachian 


early Norian 
Hettangian- 
?Sinemurian 


?Norian 


middle-late 


Norian 


middle-late 
Norian 


Norian 


Norian 


late Ladinian or 
?early Carnian 


At least 80 partial skeletons, 
isolated elements, 4 skulls, 
skull and skeleton, juvenile 
to adult 


3 partial skeletons, adult 


Femur, adult 


More than 10 fragmentary to 
complete skeletons, 4 skulls, 
juvenile to adult 


Vertebrae, sacrum, ?partial 
skeleton, adult, and hundreds 
of isolated bones, juvenile to 
adult 

More than 100 fragmentary 
to isolated elements, 
complete skeletons, a least 
10 skulls, juvenile to adult 


More than 20 fragmentary to 
complete skeletons, skull, 
juvenile to adult 


Nearly complete skeleton, 
2 incomplete skeletons, 
juvenile to adult 


3 partial skeletons, dentary, 
adult 


* See chapter 2 and table 2.1 for interpretation of Saturnalia tupiniquim as a basal saurischian. 
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Occurrence Age Material 
Sellosaurus Huene, 1907-8 (= Efraasia Galton, 

1973b) 

S. gracilis Huene, 1907-8 (including Lower Stubensandstein, middle Norian 21 partial skeletons, isolated 
Palaeosaurus diagnosticus Huene, 1932; Middle Stubensandstein elements, 3 partial skulls, 
Thecodontosaurus hermannianus Huene, (Baden-Wutrttemberg), juvenile to adult 
1907-8) Germany 

Thecodontosaurus Riley et Stutchbury, 1836 
T. antiquus Morris, 1843 Magnesian Conglomerate ?Norian- More than 100 disarticulated 
(Avon), England; unnamed Rhaetian elements, skull, partial 
unit (South Glamorgan), skeletons, isolated elements, 
Wales juvenile to adult 
Yimenosaurus Bai, Yang, et Wang, 1990 
Y. youngi Bai, Yang, et Wang, 1990 Fengjiahe Formation Pliensbachian 10 partial skeletons, skull, 
(Yunnan), People’s or Toarcian adult 
Republic of China 
Yunnanosaurus Young, 1942a 
Y. huangi Young, 1942a (including Dull Purplish Beds of ?Rhaetian- More than 20 partial to 
Y. robustus Young, 1951) the Lufeng Series, Dark Pliensbachian complete skeletons, 2 skulls, 
Red Beds of the Lufeng juvenile to adult 
Series (Yunnan), People’s 
Republic of China 
Nomina dubia Material 


Aetonyx palustris Broom, 1911 
Agrosaurus macgillivrayi Seeley, 1891 
Anchisaurus solus Marsh, 1892 
Aristosaurus erectus Hoepen, 1920 


Dimodosaurus poligniensis Pidancet et Chopard, 1862 


Dromicosaurus gracilis Hoepen, 1920 
Eucnemesaurus fortis Hoepen, 1920 
Euskelosaurus africanus Haughton, 1924 
Fulengia youngi Carroll et Galton, 1977 
Gigantoscelus molengraaffi Hoepen, 1916 
Gresslyosaurus ingens Riitimeyer, 1856b 
Gresslyosaurus robustus Huene, 1907-8 
Gresslyosaurus torgeri Jaekel, 1911 
Gryponyx africanus Broom, 1911 
Gryponyx taylori Haughton, 1924 
Gryponyx transvaalensis Broom, 1912a 
Gyposaurus capensis Broom, 1911 
Hortalotarsus skirtopodus Seeley, 1894b 
Leptospondylus capensis Owen, 1854 
Massospondylus browni Seeley, 1895 
Massospondylus harriesi Broom, 1911 
Massospondylus hislopi Lydekker, 1890b 
Massospondylus schwarzi Haughton, 1924 
Orinosaurus capensis Lydekker, 1889b 
Pachysaurus ajax Huene, 1907-8 
(type species Pachysauriscus Kuhn, 1959, 
type species of Pachysaurops Huene, 1959) 
Pachysaurus giganteus Huene, 1932 
Pachysaurus magnus Huene, 1907-8 
Pachysaurus reiningeri Huene, 1907-8 
Pachysaurus wetzelianus Huene, 1932 
Pachyspondylus orpenii Owen, 1854 
Palaeosaurus fraserianus Cope, 1878a 
(doubtfully prosauropod) 
Plateosaurus bavaricus Fraas vide Sandberger, 1894 
Plateosaurus cullngworthi Haughton, 1924 
(type species of Plateosauravus Huene, 1932) 


Cervicals, caudals, partial fore- and hindlimb 
Radius, manual ungual, tibia, distal caudal 

Almost complete skeleton, fragmentary skull 
Partial skeleton with parts of maxilla and dentary 
Articulated dorsals, sacrum, ilium, hindlimb 
Cervicals, caudals, partial fore- and hindlimb 
Fragmentary skeleton 

Vertebrae, ischia, incomplete ilia, tibiae and femora 
Skull 

Distal femur 

Incomplete sacrum, caudals, metacarpal, partial hindlimb 
Partial skeleton 

Postcranial skeleton (skull lost) 

Vertebrae, both manus, pelvis and hindlimbs 
Sacrals, pelvic girdle 

Ungual, distal metatarsal 

Dorsals, caudals, ribs, gastralia, scapula, partial hindlimb 
Partial hindlimb 

Caudals 

Cervicals, dorsal, caudals, pedal elements 

Forelimb 

Isolated vertebrae 

Incomplete hindlimb and sacrum 

Proximal tibia 

Partial skeleton 


Partial pedes 
Fragmentary skeleton 
Partial skeleton 
Fragmentary skeleton 
Fragmentary vertebrae 
Tooth 


Cervicals, caudals, distal tibia 
Partial skeleton 


TABLE I2.I (CONTINUED) 


Nomina dubia 


Material 


Plateosaurus erlenbergiensis Huene, 1905b 
Plateosaurus ornatus Huene, 1907-8 
(doubtfully prosauropod) 
Plateosaurus plieningeri Huene, 1907-8 
Plateosaurus quenstedti Huene, 1905a 
Plateosaurus stormbergensis Broom, 1915 
Sellosaurus fraasi Huene, 1907-8 
Strenusaurus procerus Bonaparte, 1969 
Tawasaurus minor Young, 1982 
Teratosaurus minor Huene, 1907-8 
Teratosaurus trossingensis Huene, 1907-8 
Thecodontosaurus dubius Haughton, 1924 
Thecodontosaurus minor Haughton, 1918 


Partial skull and skeleton 
Tooth 


Partial skeleton 

Partial skeleton 

Femur, metacarpal I, fragmentary vertebrae and pubis 
Dorsal, sacral, caudals, ilia, ischia, pubis, femur 
Dorsals, caudals, partial fore- and hindlimb 
Incomplete skull 

Dorsals, sacral, manus, pubes, hindlimb 

Tail, partial hindlimb with pes 

Partial skeleton 

Cervical, tibia, ischium 


dally inset first dentary tooth; elongate caudal dorsal centra (the 
length-height ratio greater than 1.0; highly variable, possibly 
size-related); the absence of the prezygadiapophyseal lamina on 
the caudal dorsals; the deltopectoral crest oriented at right angles 
to the long axis through the distal humeral condyles (reversed 
in “Gyposaurus” sinensis, Jingshanosaurus, and Melanorosaurus); 
the transverse width of distal carpal 1 greater than the width of 
metacarpal I (reversed in Sellosaurus); phalanx Ion manual digit I 
having a proximal “heel”; phalanx I of manual digit I having its 
proximal and distal articular surface long axes twisted at 45° to 
each other; a large pubic obturator foramen (multiple reversals). 


Anatomy 


Skull and Mandible 


Articulated and disarticulated cranial material of Plateosaurus 
(figs. 12.2, 12.5E) was redescribed by Galton (1984a, 1985a; see 
also Huene 1926a, 1932). Unless indicated to the contrary, the 
following references were used for particular genera: Anchisaurus 
(figs. 12.3A-C, 12.5A; Huene 1914a; Galton 1976), Azendohsaurus 
(Dutuit 1972; Gauffre 1993a), Coloradisaurus (figs. 12.3G, H, 
12.5C; Bonaparte 1978b), “Gyposaurus” sinensis (Young 1941b, 
1948a:fig. 33), Jingshanosaurus (fig. 12.4J-L; Zhang and Yang 
1995), Lufengosaurus (fig. 12.3N-P; Young 1941a, 1947, 1951), 
Massospondylus (figs. 12.3J-M, 12.4E-I; Cooper 1981b; Attridge 
et al. 1985; Crompton and Attridge 1986; Gow 1990a; Gow et al. 
1990; MacRae 1999:203), Mussaurus (fig. 12.31; Bonaparte and 
Vince 1979; Casamiquela 1980), Riojasaurus (fig. 12.4A-D; Bona- 
parte and Pumares 1995; Wilson and Sereno 1998:fig. 36A), Sat- 
urnalia (Langer et al. 1999b), Sellosaurus (Galton 1985b, 2001a; 
Galton and Bakker 1985), Thecodontosaurus (figs. 12.3D-F, 12.5B, 
D; Huene 1907-8, 1914a; Kermack 1984; Benton et al. 2000b), 
Yimenosaurus (fig. 12.4M; Bai et al. 1990), and Yunnanosaurus 
(fig. 12.3Q, R; Young 1942a, 1951). 

The skull of Plateosaurus is usually characterized as being 
narrow relative to its height, whereas that of Massospondylus is 
proportionally wider and lower (figs. 12.1A, B; 12.3J-L); this 
is the basis for the node-based Plateosauridae and Massospondy- 
lidae Huene, 1914b, of Sereno (1998, 1999a, 1999b). However, 
these differences may be more the result of differential preserva- 
tion of a readily deformable framework. Skulls preserved on their 


side were subjected to lateral compression, resulting in narrow 
skulls, whereas those preserved “upright” were dorsoventrally 
compressed to give wide skulls. Thus one skull of Plateosaurus is 
wide and low (Galton 1985a:fig. 4), and skulls of Massospondylus 
are narrow and high (figs. 12.3M, 12.4E-G; Gow et al. 1990: 
figs. 1-3). Indeed, Gow et al. (1990:52) conclude that Masso- 
spondylus has a proportionally larger orbit and a deeper skull 
than Plateosaurus (ratio of skull height to skull length 35% in 
the former, 25% in the latter, but note the proportionally shorter 
snout in Massospondylus). 

The external naris is large (more than 60% of the orbit di- 
ameter) in all prosauropods except Anchisaurus, Coloradisaurus, 
and Massospondylus (where they are 50% or less). The opening 
is oval to elliptical in Coloradisaurus, Jingshanosaurus, and 
Massospondylus; in the other prosauropods it is subtriangular 
with a right angle at the caudoventral corner, a result of the 
more upright ascending process of the maxilla. The opening 
is enclosed by the elongate dorsal and caudal processes of the 
premaxilla and by the nasal in Plateosaurus and Sellosaurus, 
whereas in other prosauropods the maxilla borders this open- 
ing caudoventrally. There is a shelflike area lateral to the exter- 
nal nares and extending onto the rostral end of the maxilla. 
The transverse width of the internarial bar is less than its 
rostrocaudal width in all prosauropods except Plateosaurus and 
Sellosaurus, and distally the dorsal process maintains or in- 
creases its transverse width. The sutural surface between the pre- 
maxillae of Plateosaurus is flat except for a prominent excavation 
into which the rostral processes of the maxillae and vomers fit 
(fig. 12.2C). The dorsal process of the maxilla meets the 
lacrimal, but the contact is hidden by an overlapping part of 
the nasal in Lufengosaurus, Massospondylus, and Sellosaurus; 
the condition is variable in Plateosaurus. The low lateral lamina 
of the maxilla extends caudally from the base of the dorsal 
process of the maxilla. This lamina is short and merges with the 
body of the maxilla in Anchisaurus, Jingshanosaurus, Lufengo- 
saurus, Thecodontosaurus, and Yunnanosaurus. It is long in 
Coloradisaurus, Massospondylus, Plateosaurus, Riojasaurus, and 
Yimenosaurus. The medial lamina of the maxilla backs the ros- 
tral part of the antorbital fenestra to form an antorbital fossa 
that is small in all prosauropods except Coloradisaurus, Jingshano- 
saurus, Plateosaurus, Sellosaurus, Yimenosaurus, and especially 
Riojasaurus. There is one vascular foramen directed caudally, 
and there are five or six directed rostrally. The maxillary tooth 
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FIGURE 12.2. Cranial anatomy of Plateosaurus. A-C, restoration of skull in A, right lateral, B, dorsal, and C, ventral views. D, right ceratobranchial in 
lateral view. E, left mandible in medial view. F, reconstruction of skull in caudal view. G, H, proximal part of stapes: G, left in caudomedial view; H, 
right in ventromedial view. I, braincase in right caudolateral view to show foramina. J, K, endocranial cast in right lateral view: J, with semicircular 
canal restored; K, with inner ear and adjacent structures removed. L, left medial wall of braincase in oblique view to show foramina. Scale = 10 cm 


(A-F), 1 cm (G, H), 4cm (I-L). (After Galton 1984a, 1985a.) 


row terminates just rostral to the orbit in Anchisaurus, Thecodonto- 
saurus, and Yunnanosaurus, underlaps the orbit to a slight extent 
in Jingshanosaurus, Massospondylus, Riojasaurus, and Yimeno- 
saurus, and extends caudally to a level approximately below the 
middle of the orbit in Coloradisaurus, Lufengosaurus, Mussaurus, 
and Plateosaurus. 

In all prosauropods except Plateosaurus the length of the 
nasal is less than half that of the skull roof. The rostral end is 
forked to border the external nares; the bases of the rostroventral 
and rostral processes are equal in width in Jingshanosaurus, but 
in all other prosauropods the former is 50% wider than the lat- 
ter. There is a median nasal depression caudal to the external 
nares in Lufengosaurus, Massospondylus, Plateosaurus, Sellosaurus, 
and Yunnanosaurus but not in Jingshanosaurus; the region is not 
preserved in other prosauropods. The nasolacrimal canal ex- 
tends from the orbital margin to the rostral end of the lacrimal. 
The lateral lamina of the lacrimal encloses the caudolateral cor- 
ner of the antorbital fenestra, while the medial lamina backs 
the antorbital cavity. These laminae are narrow except in Plateo- 
saurus, which has a wide lateral lamina, and Coloradisaurus, 
which has a wide medial lamina. As in other archosaurs, the ant- 
orbital cavity probably enclosed a paranasal air sinus (Witmer 
1997a, 1997b). 
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The prefrontal wraps around the lacrimal, overlaps the 
frontal, and forms the rostrolateral part of the orbital rim. The 
orbital part of the prefrontal is short and transversely narrow in 
Coloradisaurus and Massospondylus, longer but still narrow in 
Anchisaurus, Sellosaurus, and Thecodontosaurus, longer and trans- 
versely broad in Riojasaurus, and elongate and broad in Lufengo- 
saurus, Plateosaurus, and Yunnanosaurus. The prefrontal has a 
long ventral process medial to the orbital margin of the lacrimal 
in Coloradisaurus, Massospondylus (Attridge et al. 1985), Plateo- 
saurus, and Sellosaurus. 

The frontal provides an important contribution to the or- 
bital rim in Anchisaurus, Coloradisaurus, Massospondylus, Rioja- 
saurus, Sellosaurus, Thecodontosaurus, and Yimenosaurus. However, 
the frontal is mostly excluded from the orbit by the overlapping 
prefrontal and postorbital in Plateosaurus (fig. 12.2B); it is likely 
similar in Lufengosaurus and Yunnanosaurus. The frontal is ex- 
cluded from the supratemporal fossa by contact between the 
parietal and postorbital in all prosauropods except Plateosaurus 
and Sellosaurus. The frontal and the adjacent parts of the pari- 
etal and postorbital of Plateosaurus are deeply excavated to form 
the area of origin of M. pseudotemporalis. This attachment area 
is less prominent in other prosauropods but recognizable in 
Massospondylus and Thecodontosaurus. The parietals are separate 
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FIGURE 12.3. Reconstruction of prosauropod skulls in left lateral, dorsal, ventral, and caudal views: A-C, Anchisaurus in A, left lateral, B, dorsal, 
and C, caudal views; D-F, Thecodontosaurus, juvenile in D, left lateral, E, dorsal, and F, ventral views; G, H, Coloradisaurus in G, left lateral, and H, 
dorsal views; I, Mussaurus, juvenile in left lateral view; J-L, Massospondylus in J, left lateral, K, dorsal, and L, ventral views; M, Massospondylus, juve- 
nile in left lateral view; N-P, Lufengosaurus in N, left lateral, O, dorsal, and P, ventral views; Q, R, Yunnanosaurus in Q, left lateral, and R, dorsal views. 
Scale = 1 cm (A-F, I, M), 5 cm (G, H, J-L, N-R). (A-C after Galton 1976b; D-F after Kermack 1984; G, H, after Bonaparte 1978b; I after Bonaparte and 
Vince 1979; J-L after Attridge et al. 1985; M after Cooper 1981b; N-P after Young 1941a, 1951; Q, R, after Young 1942a.) 


bones in Anchisaurus, Riojasaurus, Sellosaurus, and Thecodonto- 
saurus and are partly or completely fused in Coloradisaurus, 
Lufengosaurus, and Yunnanosaurus. Both conditions exist in Mas- 
sospondylus and Plateosaurus; but as only parietals of juveniles 
are known for Sellosaurus and Thecodontosaurus, the condition is 
not known for adults of these genera. A parietal foramen is pres- 
ent in some individuals of Plateosaurus and absent in others. 


The tetraradiate squamosal overlaps the parietal, the opistho- 
tic, the postorbital, and the quadrate. In sauropods and thero- 
pods the ventral process of the squamosal in lateral view is 
formed by an extension and gradually narrowing of the main 
body of the squamosal (i.e., it is tablike), whereas in prosauro- 
pods the area caudal to the ventral process is more sharply dis- 
tinguished from the main body, giving the bone a distorted 
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FIGURE 12.4. Reconstructions of prosauropod skulls in left lateral, dorsal, and caudal views and braincases in ventral, rostral, and left lateral views: 
A-D, Riojasaurus skull in A, left lateral, B, dorsal, and C, caudal views and braincase in D, ventral view; E-I, Massospondylus skull in E, left lateral, 

F, dorsal, and G, left lateral views and braincase in H, rostral, and I, left lateral views; J-L, Jingshanosaurus skull in J, left lateral, and K, dorsal views 
and braincase in L, left lateral view; M, Yimenosaurus skull in left lateral view. Scale = 5 cm (A-G, J, K, M), 1 cm (H, I, L). (A-D after Bonaparte and 
Pumares 1995 and Wilson and Sereno 1998; E-G after Gow et al. 1990; H, I, after Gow 1990a; J-L after Zhang and Yang 1995; M after Bai et al. 1990.) 


T shape. A socket in the body of the squamosal is for the dorsal 
head of the quadrate. The quadrate is rostroventrally directed 
in Anchisaurus, Thecodontosaurus, and Yimenosaurus and vertical 
or caudoventrally directed in the remaining genera. The man- 
dibular condyle is located slightly below the maxillary tooth 
row in Anchisaurus, Jingshanosaurus, Massospondylus, Riojasaurus, 
Thecodontosaurus, Yimenosaurus, and Yunnanosaurus and is lo- 
cated well below the level of the dentary tooth row in Coloradi- 
saurus, Lufengosaurus, Plateosaurus, and Sellosaurus. 

The V-shaped quadratojugal overlaps the quadrate and jugal. 
The large pterygoid ramus of the quadrate overlaps the ptery- 
goid medially. The rostral edge of the lateral wall of the qua- 
drate is overlapped by the squamosal and quadratojugal, so the 
quadrate is excluded from the border of the infratemporal fen- 
estra. The rostral and dorsal processes of the quadratojugal form 
an angle of 90° in Anchisaurus, Jingshanosaurus, Mussaurus, Rio- 
jasaurus, and Thecodontosaurus; this angle is 50°-60° in Masso- 
spondylus and Yunnanosaurus and less than 45° in Coloradisaurus, 
Lufengosaurus, and Plateosaurus. The apical part of the quadrato- 
jugal in Plateosaurus fits into a prominent depression on the 
main body of the quadrate. The Y-shaped jugal overlaps the 
maxilla, the lacrimal, and the ectopterygoid and is overlapped 
by the postorbital and the quadratojugal. The dorsal part bor- 
dering the orbit is transversely thick, whereas the ventral pro- 
cess is thin and slender, especially in Anchisaurus. 
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The pterygoids form the major part of the caudal palate. 
They meet along the midline in Lufengosaurus, Plateosaurus, and 
Thecodontosaurus, whereas in Massospondylus they apparently 
do not. In Plateosaurus the pterygoids are small compared with 
those of Lufengosaurus and especially those of Massospondylus 
and Thecodontosaurus. The central part of the pterygoid is thick 
but constricted. From it extend the caudodorsally and laterally 
directed broad quadrate ramus, the caudomedially and slightly 
dorsally directed short process that supports a socket for the 
basipterygoid process of the basisphenoid, the ventrally di- 
rected pterygoid ramus, and the rostrodorsally directed and 
elongate palatal ramus. The complete epipterygoid is known 
only in Plateosaurus (only the dorsal part is known in Masso- 
spondylus); it is a slender bone that overlaps the rostrodorsal part 
of the quadrate ramus of the pterygoid and the ventral part of 
the laterosphenoid. 

The bar-shaped ectopterygoid is expanded to fit laterally 
against the jugal and medially against the pterygoid ramus of 
the pterygoid. The rostrocaudally expanded part of the palatine, 
which fits against the maxilla laterally, is small in Massospon- 
dylus, proportionally larger in Lufengosaurus and Thecodonto- 
saurus, and largest in Plateosaurus. The thin medial processes 
of the palatine overlap the pterygoid and converge rostrally to 
meet ventrally before contacting the deep vomer. The palatines 
occupy half the length of the palate in Massospondylus, in which 


FIGURE 12.5. A-C, prosauropod braincases in left lateral view: A, Anchisaurus; B, Thecodontosaurus; C, Coloradisaurus. D, E, right dentary teeth in 
buccal view: D, Thecodontosaurus; E, Plateosaurus. F-H, Yunnanosaurus, right maxillary tooth in F, mesial, G, labial, and H, distal views. Scale = 1 cm 
(A-C), 1 mm (D-H). (A, B, after Galton and Bakker 1985; C after Bonaparte 1978b; D, E, after Huene 1907-8; F-H after Galton 1985c.) 


the vomers are presumably short and hidden by the palatines; a 
third in Thecodontosaurus; and a quarter in Lufengosaurus and 
Plateosaurus, in which the vomers are the longest. Ventromedi- 
ally the palatine of Plateosaurus has a prominent, peglike projec- 
tion that might have supported the caudal part of a soft second- 
ary palate (also supported by the medial horizontal edge of the 
maxilla and the vomers). 

The supraoccipital in Anchisaurus, Massospondylus, Riojasaurus, 
Sellosaurus, Thecodontosaurus, and Yunnanosaurus is steeply in- 
clined at an angle of 75°, so that its apex is well caudal to the 
basipterygoid processes. In Coloradisaurus, Lufengosaurus, and 
Plateosaurus the supraoccipital slopes at 45°, and its apex is ap- 
proximately above the basipterygoid process. The horizontal 
paroccipital process is presumably formed from the opisthotic. 
These processes are set at an angle of 40°-60° to the midline. The 
exoccipital forms the caudal part of the sidewall of the brain- 
case. The occipital condyle is apparently formed only from the 
basioccipital in Coloradisaurus, whereas in all other prosauro- 
pods the exoccipital contributes dorsolaterally. In Anchisaurus, 
Jingshanosaurus, Massospondylus, Riojasaurus, Sellosaurus, and 
Thecodontosaurus the occipital condyle is in line with the paras- 
phenoid, but in Anchisaurus the basal tubera extend farther ven- 
trally than do the small basipterygoid processes (figs. 12.4C, I, L; 
12.6A, B). The basipterygoid processes are elongate in Theco- 
dontosaurus and distally expanded in Riojasaurus (figs. 12.4D, 
12.6B). In Coloradisaurus, Lufengosaurus, and Plateosaurus the 
steplike ventral outline of the braincase provides a deep rostral 
floor to the braincase and the occipital condyle is above the level 
of the parasphenoid (figs. 12.21, 12.4C). The basipterygoid pro- 
cesses converge dorsally to form a V-shaped depression in all 


prosauropods except Plateosaurus, in which this area is flat be- 
cause of a subvertical transverse lamina with a central projection 
between the processes (fig. 12.2J). The parasphenoid is a slender 
rod, subtriangular in cross section, that extends rostrally from 
the basipterygoid processes and between the pterygoids. A ru- 
gose, rostrolaterally facing surface on the adjacent parts of the 
basisphenoid and prootic is the area of origin of M. protractor 
pterygoideus in Plateosaurus and Thecodontosaurus (figs. 12.21, 
12.5B). Vena cerebralis media exited through the trigeminal 
foramen in Thecodontosaurus; in all other prosauropods there is 
anotch in the portico, above the opening for c.n. V, for this vein 
(the former condition in juvenile Massospondylus, the latter in 
adult individuals [Gow 1990a]). The laterosphenoid of Coloradi- 
saurus (fig. 12.5C), Massospondylus (fig. 12.4H, I), Plateosaurus, 
and Sellosaurus is triangular in lateral view and tapers from the 
prootic to the transversely expanded rostral end. The orbito- 
sphenoid is only known for Massospondylus (fig. 12.4H, I) and 
Plateosaurus, in which it is a rib-shaped bone situated immedi- 
ately rostral to the laterosphenoid. 

Information from endocranial casts of Thecodontosaurus (Ben- 
ton et al. 2000b) and Plateosaurus (Galton 1985a; see also the 
braincase of Massospondylus, fig. 12.4H, I) suggests that the brain 
(fig. 12.2J) is short and deep with a short and deep medulla 
oblongata, a steeply inclined caudodorsal edge to the meten- 
cephalon, and prominent cerebral and pontine flexures. In the 
telencephalon the slightly differentiated cerebral hemispheres 
form the widest part of the brain. These taper rostrally into elon- 
gate olfactory tracts that then widen into large olfactory bulbs. 
In the diencephalon there is no dorsal diverticulum. The dorsal 
apex of the diencephalon probably represents a cartilaginous 
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FIGURE 12.6. Prosauropod vertebrae. A-E, Plateosaurus: A, proatlas, atlas, and axis in right lateral view; B, cervical vertebrae 1 to 10 with ribs in right 
lateral view; C, dorsal vertebrae 1 to 15 in right lateral view; D, sacrum in right lateral view; E, sacrum with ilia in dorsal view. F-I, neural arches of 
Lessemsaurus: F, cranial dorsal in caudal view; G, cranial dorsal in right lateral view; H, caudal cervical in caudal view; I, caudal cervical in right 
lateral view. J, Massospondylus, neural arch of mid-dorsal in caudal view. Scale = 5 cm (A), 10 cm (B-E), 1 cm (J); unknown for F-I. (A-E after Huene 


1907-8, 1926a, 1932; F-I after Bonaparte 1986; J after Cooper 1981b.) 


infilling between the ossified supraoccipital and the overlying 
part of the parietal. C.n. II arose from the diencephalon, the 
ventral part of which was within part of the pituitary fossa. The 
extent of the mesencephalon is uncertain because the optic lobes 
are not differentiated and the points of origin of c.nn. [I] and IV 
cannot be determined, only their exit points (fig. 12.4H, I). The 
metencephalon has no dorsal cerebellar expansion, but the 
prominent flocullar lobes of the cerebellum do project caudo- 
dorsally to occupy the fossa subarcuata in the medial wall of the 
prootic (fig. 12.2K, L). C.n. V originates from this region, whereas 
c.nn. VI to XII originate from the myelencephalon (fig. 12.2K). 
In the inner ear (fig. 12.2K), the rostral semicircular canal is the 
longest, the lateral canal is the shortest, the sacculus is small, 
and the lagena is short, as in sauropods. The thin, indented dor- 
sal part of the myelencephalon becomes widest at the level of 
vena cerebralis caudalis. 

The dentary curves slightly ventrally toward its rostral tip, 
with the coarsely ridged medial surface indicative of a firm im- 
movable suture, and the first tooth is inset a short distance. The 
dentary makes up more than half of the length of the mandible 
in all prosauropods except Thecodontosaurus. A prominent ridge 
continues from the lateral surface of the overlapping surangular 
onto the dentary and passes diagonally across the latter such 
that the more distal teeth are slightly inset. This ridge is possibly 
the attachment site for a cheek functionally analogous to that of 
mammals (Paul 1984a; Galton 1984a, 1985a) and ornithischian 
dinosaurs (Galton 1973a). In addition, the vascular foramina of 
the dentary and maxilla are large and few in number in pro- 
sauropods, rather than small and numerous as in reptiles with- 
out cheeks (Paul 1984a). Cheeks were probably developed to a 
varying degree in all prosauropods. 

The dentary, surangular, and angular border an external 
mandibular fenestra that is prominent (10%-15% of the length 
of the mandible) in all prosauropods except Jingshanosaurus, 


242 DINOSAUR SYSTEMATICS 


in which it is small (only 5%). The coronoid eminence of the 
surangular is low, and the jaw articulation is in line with the 
dentary tooth row in Anchisaurus, Jingshanosaurus, Massospon- 
dylus, Mussaurus, Riojasaurus, Thecodontosaurus, Yimenosaurus, 
and Yunnanosaurus. In Coloradisaurus, Lufengosaurus, Plateosaurus, 
and Sellosaurus the coronoid eminence is deeper and the jaw ar- 
ticulation is well offset ventrally. The jaw joint is rostrocaudally 
short. The medial aspect of the mandible is described only in 
Plateosaurus. The elongate intercoronoid described by Brown 
and Schlaikjer (1940) and Galton (1984a) is probably the rostral 
part of the small coronoid that medially overlaps the dentary. 
The large splenial overlaps the dentary and the prearticular, 
more caudally overlapping the surangular and the articular, the 
middle part of which is constricted dorsoventrally. The funnel- 
like caudal part of the prearticular overlaps the articular, the 
transversely broad central part of which articulated with the 
quadrate. The stout retroarticular process of the articular (and 
overlapping sheet of surangular) is short in Anchisaurus, Masso- 
spondylus, Riojasaurus, and Thecodontosaurus and long in the re- 
maining genera. 

The teeth are set in sockets that are bordered lingually by 
small interdental plates alternating with special foramina of 
varying sizes. Spacing between Zahnreihen ranges between 2.0 
and 3.0 tooth positions. This alternating pattern is found in 
Plateosaurus, but because the length of the replacement wave 
decreases from 5 to 4 to 3 tooth positions passing distally along 
the tooth row, the Z-spacings show a corresponding increase 
from 2.5 to 2.66 to 3.0. 

The dental formulae for the premaxilla, maxilla, and dentary 
are as follows: Anchisaurus, 5, 11,?; Coloradisaurus, 3, 23 or 24, 22; 
Jingshanosaurus, 4, 16, 21 or 22; Lufengosaurus, 5, 19, 25; Masso- 
spondylus juvenile, 4, 15,?; Massospondylus adult from Arizona, 
4, 16, 20; Massospondylus adult from South Africa, 4, 18, 17; 
Mussaurus juvenile, 4, 10-12, ?; Plateosaurus, 5-6, 24-30, 21-28; 


Riojasaurus, 5, 23 or 24, ?; Sellosaurus, 4 or 5, 25, 22; Thecodon- 
tosaurus juvenile, 4, 10, 14, adult dentary 20 or 21; Yimenosaurus, 
4, 17-18, 21-23; and Yunnanosaurus, 4, 15, 17 or 18. 

The crowns of the teeth of the premaxilla and the rostral 
part of the dentary of most prosauropods taper apically and are 
slightly recurved with little mesiodistal expansion, whereas 
those of the maxilla and the rest of the dentary are more spatu- 
late, transversely compressed, more expanded mesiodistally, 
and symmetrical in mesial and distal views (figs. 12.5E, 12.7A); 
all teeth of Thecodontosaurus are recurved (fig. 12.5D). The 
crowns are oriented slightly obliquely relative to the long axis of 
the maxilla and dentary, so that the distal edge of one tooth 
slightly overlaps the mesial edge of the tooth behind it, an en 
echelon arrangement. The lingual surfaces of the crowns are con- 
vex or nearly flat mesiodistally, and the base is wide. The root 
is circular in cross section. The labial surface of the crown bears 
a central thickening, so that it is slightly more convex mesio- 
distally than the lingual surface, but there are no prominent ver- 
tical ridges as seen in many ornithischians. The marginal serra- 
tions are prominent (high notches, or Spitzkerben, of Huene 
1926a) and set at an angle of 45° to the cutting edge. The mesial 
edge has fewer serrations, which are found farther from the root 
than on the distal edge. In Riojasaurus the crowns are more con- 
ical and lack the constriction at the base found in many other 
prosauropods. The teeth are slender and elongate in Anchisaurus, 
Azendohsaurus, Massospondylus, Mussaurus, and Yimenosaurus, 
slender in Coloradisaurus, Jingshanosaurus, Lufengosaurus, Satur- 
nalia, Sellosaurus, and Thecodontosaurus, and broad in Plateo- 
saurus. Tooth wear is usually absent, but food-wear facets, in the 
form of a smooth flattish arc, are described for the apices of in 
situ teeth of Massospondylus (Gow et al. 1990) and isolated teeth 
referred to Plateosaurus (fig. 12.7C; Buffetaut and Wouters 1986; 
Cuny 1996; Galton 1998a). 

The maxillary and dentary teeth of Yunnanosaurus (Young 
1942a, 1951) are transversely asymmetrical, the apices being 
directed slightly lingually, and the mesial teeth are the largest, 
decreasing in size distally. The labial surface is uniformly convex 
vertically, whereas the lingual surface is concave except near the 
root. The teeth of Y. robustus are “advanced spatulated, almost 
given every detail of the teeth of a sauropod” (Young 1951:61, 
fig. 2). Vestiges of the coarse, 45° inclined marginal denticles are 
retained on the distal edge of dentary teeth and on both edges 
of a few maxillary teeth (Young 1942a, 1951). There is a distinct 
groove developed along the labiodistal edge on both sets of teeth 
and also on the linguomesial edge of dentary teeth. A maxillary 
tooth referred to Yunnanosaurus has wear facets on the distal and 
mesial edges (fig. 12.5F-H; Galton 1986a:fig. 16.3B-D, unworn 
teeth fig. 16.3E-I). The distal edge, formed by tooth-food wear, 
is slightly curved with a smooth, slightly raised enamel rim bor- 
dering the dentine. The mesial edge is a large, flat, obliquely in- 
clined wear surface that faces mesiolingually (fig. 12.5G, H). 
Similar surfaces on the maxillary teeth of the sauropod Brachio- 
saurus are thought to have resulted from wear against labio- 
distal surfaces of reciprocal dentary teeth (Janensch 1935-36). 
However, these teeth were not found with any diagnostic ma- 
terial of Yunnanosaurus (Simmons 1965). Wilson and Sereno 
(1998:38; see also Salgado and Calvo 1997) noted that these 
teeth were incorrectly referred to Yunnanosaurus, in which the 
in situ teeth are not as strongly medially curved and the roots 
are not as robust, and are not prosauropod. Barrett (1999, 2000a) 
agreed, noting that the crowns of in situ teeth are also labio- 
lingually compressed, not almost cylindrical in cross section, 
and lack wear facets. However, Dong (1992:42) noted that the 
“teeth are cylindrical but flattened from side to side, presenting 


a chisel-like appearance. The tip of the tooth tends to be worn 
off at an angle forming a sharp cutting edge, similar to the teeth 
of sauropod dinosaurs.” Christiansen (1999, 2000) accepted the 
referral to Yunnanosaurus, pointing out that the development 
of cylindrical teeth like those of diplodocids and titanosaurids 
does not occur in basal sauropods. The isolated “Yunnanosaurus” 
teeth may belong to an as yet unknown eusauropod, a group 
already represented by Gongxianosaurus, “Kunmingosaurus,” and 
Zizhongosaurus from the Early Jurassic of the People’s Republic 
of China (Dong et al. 1983; Zhao 1985; Dong 1992; He et al. 1998; 
Upchurch et al., this vol.). However, the “Yunnanosaurus” teeth 
do not possess V-shaped wear facets (interdigitating occlusion), 
an autapomorphy for Sauropoda (Wilson and Sereno 1998:38), 
because the distal surface is formed by tooth-food wear, not 
tooth-tooth wear. These teeth also lack the wrinkled texture of 
the enamel, a plesiomorphy for Eusauropoda (Wilson and Sereno 
1998). Consequently, these teeth may be from an as yet un- 
known prosauropod. An isolated referred tooth of Plateosaurus 
from the Norian of France has a continuous wear surface on the 
apex and adjacent parts of the mesial and distal edges that is 
in a plane subparallel to the labiolingual tooth axis (fig. 12.7D; 
Cuny and Ramboer 1991:fig. 3g; Galton 1998a), as well as tooth- 
tooth wear on an isolated tooth from Switzerland (fig. 12.7B; 
Sander 1992:fig. 1OF). A comparable wear surface is found in 
sauropods having interdigitating, spoonlike teeth. 

The stapes is a slender bony rod, most of which is preserved 
ina skull of Plateosaurus (fig. 12.2F; also in Anchisaurus and Masso- 
spondylus [fig. 12.4H]). The medial footplate, which is pierced 
by a foramen in Massospondylus (Barrett, pers. comm.), is only 
slightly expanded, and a short diagonal ridge passes distally 
onto the shaft (fig. 12.2G, H). 

Only three complete sclerotic rings are described for Plateo- 
saurus (fig. 12.2A; Galton 1984a); those of Massospondylus have 
not yet been described. Each ring is composed of 18 plates 
grouped into four unequal quadrants. The partial ring of Rioja- 
saurus (fig. 12.4A) is similar. Otherwise, only a few plates are pre- 
served in other prosauropod taxa (e.g., Coloradisaurus). 

The hyoid apparatus is represented by a pair of elongate, 
asymmetrical, rodlike first ceratobranchials preserved caudo- 
ventral to the mandibles in Massospondylus and Plateosaurus. 
These elements vary in length from 50% to 60% of the length 
of the mandible (fig. 12.2D). 


Postcranial Skeleton 


The postcranial skeleton tends to be more uniform than the 
skull among prosauropods, but there is more variability than 
commonly thought (e.g., Sereno 1997). The main overall differ- 
ence is that the bones are slender and lightly built in smaller 
genera (e.g., Ammosaurus, Anchisaurus, Massospondylus, Satur- 
nalia, Sellosaurus, and Thecodontosaurus) and thicker and more 
heavily built in larger genera (e.g., Euskelosaurus, Jingshanosaurus, 
Lufengosaurus, Plateosaurus, Riojasaurus, and Yunnanosaurus). 
Illustrations are given of the vertebral column (figs. 12.6, 
12.7E-K), the pectoral girdle and forelimb (figs. 12.7L, 12.8), and 
the pelvic girdle and hindlimb (figs. 12.9, 12.10). Unless indi- 
cated to the contrary, the following references were used for 
particular genera: Ammosaurus (fig. 12.9A; Huene 1906, 1914a; 
Galton 1976b), Anchisaurus (figs. 12.7N, 12.9B, G; Huene 1906, 
1914a; Galton 1976b), Camelotia (Huene 1907-8, Galton 1998b), 
Euskelosaurus (Heerden 1979; Gauffre 1996), “Gyposaurus” sinen- 
sis (Young 1941b, 1948a; Galton and Cluver 1976:fig. 12C), Jing- 
shanosaurus (fig. 12.7K, L; Zhang and Yang 1995), Lessemsaurus 
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FIGURE 12.7. A, Azendohsaurus, dentary tooth in buccal view. B-D, Plateosaurus, isolated maxillary or dentary teeth showing B, D, tooth-tooth, and 
C, tooth-food wear. E, F, Plateosaurus longiceps: E, vertebrae sacra of subadult with a caudosacral vertebra in right lateral view; F, vertebrae sacra with 
adjacent vertebrae of adult with a caudosacral vertebra in right lateral view. G, H, Sellosaurus gracilis, reconstructed: vertebrae sacra with G, a caudo- 
sacral vertebra, and H, a dorsosacral vertebra, in dorsal view. I, “Sinosaurus” postcrania, vertebrae sacra with a dorsosacral vertebra in dorsal view. 

J, Massospondylus, incipient dorsosacral 2, dorsosacral 1, sacrals 1 and 2, and unmodified caudal 1. K, Jingshanosaurus, vertebrae sacra with a dorso- 
sacral vertebra in right lateral view. L, Jingshanosaurus, left manus in cranial view, showing massive carpal block. Cross hatching = broken bone; 
stipple = matrix; wavy shading = sutural surface for ilium. Scale = 1 mm (A-D), 5 cm (E-L). (A after Dutuit 1972; B after Sander 1992; C, D, after Cuny 
1996 and Buffetaut and Wouters 1986; E after Galton 2000b; F after Plieninger 1857; G, H, after Galton 2001c; I after Young 1948a; J after Cooper 


1981b; K, L, after Zhang and Yang 1995.) 


(fig. 12.6F-I; Bonaparte 1986, 1999a), Lufengosaurus (fig. 12.7P; 
Young 1941a, 1947, 1951; Dong 1992:fig. 29), Massospondylus 
(figs. 12.6), 12.7J, 12.8Q; Cooper 1981), Melanorosaurus (Heerden 
1977, 1979; Heerden and Galton 1997; Galton et al., in press), 
Plateosaurus (figs. 12.1B, 12.6A-E, 12.7E, F, 12.8A-K, 12.9; Huene 
1907-8, 1926a, 1932; Jaekel 1913-14; Galton 2000b, 2001b), Rioja- 
saurus (figs. 12.8L, 12.10C-F, L; Bonaparte 1972; Bonaparte and 
Pumares 1995), Ruehleia (Galton 2001b), Saturnalia (Langer et 
al. 1999b), Sellosaurus (figs. 12.7G, H, 12.10H, I; Huene 1907-8, 
1932; Galton 1973b, 1984b, 1985c, 1999b, 2001a, 2001c), The- 
codontosaurus (figs. 12.1A, 12.8C; Huene 1907-8; Kermack 1984; 
Benton et al. 2000b), Yimenosaurus (Bai et al. 1990), and Yunnano- 
saurus (figs. 12.8M, 12.10J; Young 1942a, 1951). 


AXIAL SKELETON 


The complete vertebral series of Plateosaurus (figs. 12.1B, 12.6A-E; 
for presacrals see Bonaparte 1999a:figs. 9-12, also figs. 4-8 for 
Riojasaurus) comprises the proatlas plus 10 cervicals, 15 dorsals, 
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3 sacrals, and 50 caudals. The proatlas consists of a pair of thin 
plates that overlap the zygapophysis-like processes of the supra- 
occipital and the neural arch of the atlas (fig. 12.6A). Each neu- 
ral arch of the atlas has an elongate caudodorsal process. The 
length-height ratio of the centrum of the axis is 3.0 or more, 
and the postzygapophyses project caudally beyond the end of 
the centrum. The cervical vertebrae are low and elongate cra- 
nially but become higher and eventually slightly shorter cau- 
dally. The length-height ratio of the longest postaxial cervical 
centrum is less than 3.0 in “Gyposaurus” sinensis, Riojasaurus, 
Saturnalia, and Thecodontosaurus, in which the cervical verte- 
brae are proportionally shorter, and more than 3.0 in the other 
genera. In Thecodontosaurus the epipophyses are overhanging 
and planar and there are unique fossa, possibly pneumatic in 
origin, on cervical vertebrae 6-8 of the referred juvenile skeleton 
(Yates 2001). The centra of Plateosaurus are strongly compressed 
transversely and markedly amphicoelous, especially cranially. 
The neural spine of the axis is large, while that of the third cer- 
vical vertebra is long and low. Passing caudally, the neural spines 


FIGURE 12.8. A-K, pectoral girdle and forelimb of Plateosaurus, from right side. A, scapula and coracoid in lateral view. B, C, humerus in B, lateral, 
and C, cranial views. D, ulna in lateral view. E, radius in lateral view. F-H, manus: F, in cranial view with digit I partly flexed and digits II to V 
straight; G, in lateral view with digits fully flexed; H, in medial view with digits in full extension in weight-supporting pose during quadrupedal 
walking. I-K, metacarpal I and first phalanx: I, phalanx shown in full extension and full flexion on distal end of metacarpal I; J, metacarpal I in 
distal view; K, phalanx in proximal view. L-O, right manus in cranial view with all digits straight: L, Riojasaurus; M, Yunnanosaurus; N, Anchisaurus; 
O, Thecodontosaurus. P, Lufengosaurus, sternal plates in dorsal view. Q, Massospondylus, interclavicle in ventral view. Scale = 10 cm (A), 5 cm (B-H, P), 
1 cm (I-O, Q). (A-K after Huene 1926a, 1932; L after Bonaparte 1972; M, P, after Young 1947; N after Galton 1976b; O after Galton and Cluver 1976; 


Qafter Cooper 1981b.) 


of cervical vertebra 4 to dorsal vertebra 3 become progressively 
shorter and taller. The neural spines of the remaining dorsal ver- 
tebrae continue to increase slightly in height and especially in 
length. However, the last three dorsals show a decrease in length 
of the neural spine. The transverse processes of the cranial dor- 
sal vertebrae are directed strongly dorsolaterally in “Gyposaurus” 
sinensis and Lufengosaurus but laterally or slightly upward in the 
remaining genera. The central part of the deep, platycoelous 
dorsal centra is strongly compressed transversely, and the last 
five dorsals have lateral pleurocentral indentations. The length- 
height ratios for caudal dorsal centra are less than 1.0 in Camelo- 
tia, Euskelosaurus, Jingshanosaurus, and Lufengosaurus but more 
than 1.0 in the remaining genera. The middle and especially the 
caudal dorsal vertebrae have hyposphene-hypantrum accessory 
articulations for the zygapophyses (fig. 12.6J). The four principal 


diaphyseal laminae of saurischians (Wilson 1999), the pre- and 
postzygodiaphyseal and cranial and caudal centrodiapophyseal 
laminae, are strongly developed in the dorsal vertebrae, much 
less conspicuous in the cervical region, and absent in the cau- 
dals (Bonaparte 1999a). In the first six dorsal vertebrae the thin 
lamellae are prominent. Prezygapophyseal laminae are absent on 
the cranial dorsals of Anchisaurus, Massospondylus, and Melanoro- 
saurus but present in other prosauropods. Three cavities below 
the transverse process are delimited by the two ventral lamellae. 
The remaining dorsals have only two cavities because of the 
convergence and fusion of the two cranial lamellae. In smaller 
prosauropods such as Ammosaurus, Anchisaurus, Massospondylus, 
Saturnalia, Sellosaurus, and Thecodontosaurus the centra of the 
dorsal vertebrae are proportionally lower and the lamellae ven- 
tral to the transverse process are less prominent. Bonaparte (1986, 
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FIGURE 12.9. Pelvic girdle and hindlimb of Plateosaurus, all from right side. A, pelvic girdle in lateral view with distal end of ischia; B, pubis in 
dorsal view; C-F, femur in C, cranial, D, lateral, E, caudal, and F, distal views; G-I, distal end of tibia in G, distal, H, lateral (with astragalus), and 

I, cranial views; J-L, astragalus in J, cranial, K, proximal, and L, caudal views; M, N, tibia in M, cranial, and N, lateral views; O, fibula in lateral view; 
P, pes in cranial view. Scale = 10 cm (A-F, M-P), 5 cm (G-L). (After Huene 1926a.) 


1999a:figs. 13-16) has described caudal cervical and cranial dor- 
sal vertebrae of Lessemsaurus (fig. 12.6F-I); the tall dorsal neural 
arches and dorsal neural spines taller than wide axially are 
sauropodlike characters. 

Each cervical rib of Plateosaurus is thin, delicate, and more 
than twice as long as the supporting vertebra (figs. 12.1B, 12.6B) 
but shorter in Thecodontosaurus (fig. 12.1A). The atlantal rib lacks 
a tuberculum (fig. 12.1A). In the remaining cervical ribs the line 
of the shaft is continued beyond the point of divergence of the 
capitular and tubercular processes as a spinous cranial process. 
These processes are short in Massospondylus and long in Plateo- 
saurus. The first eight dorsal ribs are especially strong, and in life 
the slightly thickened distal end was continued ventrally by car- 
tilage. The remaining ribs taper gradually to a point and showa 
progressive decrease in length. The tuberculum forms a promi- 
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nent process on the first four ribs, but on the rest it is a small facet 
dorsolateral to the long capitular process. 

Gastralia consisting of slender subparallel rods form a basket- 
like support for the ventral abdominal wall (fig. 12.1B). 

A three-vertebra sacrum with a caudosacral occurs in Ammo- 
saurus, Euskelosaurus, Melanorosaurus (with additional dorso- 
sacral), Plateosaurus, Saturnalia, Sellosaurus, Thecodontosaurus, 
and Yimenosaurus (figs. 12.6D, E, 12.7E-G; Galton 1999b, 2001b, 
2001c). In Ammosaurus the diapophysis and the rib of the caudo- 
sacral diverge from each other distally, as also occurs in the last 
caudosacral of a sacrum of the sauropod Apatosaurus (Wilson 
and Sereno 1998:fig. 14). However, the third sacral vertebra is a 
dorsosacral (figures in Galton 1999b) in “Gyposaurus” sinensis, 
Jingshanosaurus (fig. 12.7K), Lufengosaurus, Massospondylus (fig. 
12.7J; also incipient dorsosacral 2), Riojasaurus (Novas 1996a), 


J 


FIGURE 12.10. Prosauropod pelvic girdles and hindlimbs, all from right side. A-C, pelvic girdles in lateral view: A, Ammosaurus; B, Anchisaurus; 

C, Riojasaurus. D-F, femur of Riojasaurus in D, cranial, E, medial, and F, caudal views. G-K, pes: G, Anchisaurus, in caudal view; H, I, Sellosaurus, in 
cranial view from H, juvenile, and I, larger individuals; J, Yunnanosaurus, in cranial view; K, Riojasaurus, in cranial view. Scale = 10 cm (A, B, G, H, k), 
5 cm (C-F, I, J). (A, B, G, after Galton 1976b; C-F, K, after Bonaparte 1972; H, I, after Galton 1973b, 1984b; J after Young 1947.) 


Ruehleia (Galton 2001b), Sellosaurus (fig. 12.7H; Galton 2000a, 
2001a, 2001c), referred “Sinosaurus postcrania” (fig. 12.71), and 
Yunnanosaurus. There are 25 presacral vertebrae (15 as free dor- 
sals) in Plateosaurus with a caudosacral but only 24 (with 14 as 
free dorsals, the number in Ruehleia) in Jingshanosaurus and 
Lufengosaurus with a dorsosacral, which confirms the identifi- 
cation of the third sacral vertebra as a dorsosacral in the latter 
genera. The adjacent ends of the ribs of sacrals 1 and 2 com- 
monly fuse together (fig. 12.7E). However, the ribs of the dorso- 
sacral or caudosacral remain unfused except in large individuals, 
in which the rib fuses to the adjacent sacral rib to form a sacro- 
costal yoke (fig. 12.7F) that is massive in Jingshanosaurus (fig. 
12.7K) and Yimenosaurus. However, the yoke does not form a 
medial extension to the acetabular surface as occurs in sauro- 
pods (see Wilson and Sereno 1998). 

The slender, oblique neural spines and transverse processes 
of the caudal vertebra of Plateosaurus progressively decrease in 
size distally and disappear at caudal vertebrae 36 and 28, respec- 
tively. The neural spines on proximal caudal vertebrae of Sell- 
osaurus and Thecodontosaurus are narrower axially than in other 
prosauropods. Height is greater than length in the proximal 
centra, and more distally the centra are lower and longer. Ven- 
tral facets on adjoining centra together support a single chevron. 
The first chevron is a nubbin of bone between the centrum of 
the caudosacral and the first caudal centrum, with chevrons 2 
to 6 long, slender, and increasing in length, but distal to this 
the chevrons progressively decrease in length (fig. 12.1B). How- 
ever, in other individuals of Plateosaurus the second chevron is 
short (Galton 2001a, 2001b). In Riojasaurus the first chevron 
is borne between caudals 3 and 4 (fig. 12.1D). The chevrons have 
a club-shaped distal end in Yimenosaurus. 


APPENDICULAR SKELETON 


The scapula is long and slender with expanded ends, especially 
ventrally. The suboval coracoid has a prominent notch ventral 
to the glenoid cavity in all prosauropods except Riojasaurus. In 
this genus the caudal border is convex and projects ventrally as 
a prominent process. A slender rodlike clavicle contacts the 
cranial part of the coracoid in Plateosaurus (Galton 2001b). In 
Massospondylus the interclavicle is long, moderately broad, and 
spatulate. It is found adjacent to the ventral edge of the coracoid; 
the sternal plates caudal to the coracoids consist of a pair of thick, 
irregular, platelike bones that in life were probably suboval in 
outline. In Jingshanosaurus and Lufengosaurus the sternal plates 
fit together to form a heart-shaped shield (fig. 12.8P). 

The proximal and distal ends of the humerus are transversely 
expanded, their axes at an angle of 45° to each other. The large 
deltopectoral crest points cranially and is perpendicular to the 
plane of the distal condyles. The apex of the deltopectoral crest 
is at midlength except in Ammosaurus, Anchisaurus, and espe- 
cially Thecodontosaurus, in which it is more proximally placed. 
The radius has an oval, saddle-shaped proximal articular sur- 
face and a flat, square obliquely facing distal articulation. The 
expanded ends of the ulna are at an angle of 40° to each other. 
The proximal end is triangular in outline, while the distal end 
has a convex articular surface. In Jingshanosaurus, Lufengosaurus, 
Riojasaurus, and Yunnanosaurus the proportions of the humerus, 
radius, and ulna are the same as those of Plateosaurus, but the ar- 
ticular ends are much larger. 

The structure of the manus is similar in most prosauropods 
(figs. 12.7L, 12.8F-O; Galton and Cluver 1976; Galton 2001a, 
in press). Metacarpal I is slender in Thecodontosaurus, and 
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metacarpals I-V are slender in Anchisaurus, Thecodontosaurus, 
and a juvenile individual of Sellosaurus. The proximal carpals 
are rarely preserved in prosauropods, occurring occasionally in 
Plateosaurus and Sellosaurus, and they were probably represented 
by cartilage rather than bone. A possible intermedium is py- 
ramidal with a three-sided (Massospondylus) or four-sided (Jing- 
shanosaurus) base. Distal carpals 1 and 2 are preserved in most 
prosauropods and consist of large and small thin plates with a 
gently convex proximal surface that cap metacarpals I (and dis- 
tal carpal 2, Massospondylus) and II, respectively. Occasionally a 
small distal carpal 3 is also preserved, and rarely, small distal 
carpals 4 and 5 (Plateosaurus [Huene 1932:pl. 11, fig. 1]). In Jing- 
shanosaurus distal carpal 1 caps metatarsal I, and the massive, 
irregularly shaped bone (three to four times the size of meta- 
carpal I, their width equal to that of the rest of the metatarsus) 
represents fused distal tarsals 2-4, with distal tarsal 5 free (fig. 
12.7L). In Ruehleia the large distal carpals 1-3 have complex ar- 
ticular surfaces. Metacarpal I is short but stout with a triangular 
proximal end that fits against distal carpal 1 and the side of dis- 
tal carpal 2, so that it is wedged into the carpus. The distal ging- 
lymus is asymmetric, extending well onto the extensor surface, 
so that marked hyperextension was possible. The proximal ar- 
ticular surfaces of the first phalanx of digit I are also unequally 
developed, and the rotational axis of the distal condyles forms 
an angle of 45° with that of the proximal articulation (which 
has a prominent “heel” ventral to it). The trenchant, raptorial 
ungual of digit lis large, exceeding the size of the largest ungual 
of the pes. Metacarpal II is slightly longer and more robust than 
metacarpal II. Digits I and II are subequal in length, cannot 
be hyperextended, and bear much smaller unguals that are only 
slightly recurved. Metacarpal IV is slightly shorter and more 
slender than metacarpal III and bears a vestigial series of pha- 
langes, as does the small metacarpal V. 

The body of the ilium is low compared with that of sauropods 
and theropods. The dorsal margin is smoothly convex except in 
Melanorosaurus and Riojasaurus, in which it has a “steplike” pro- 
file in lateral view. The concave area on the lateral surface ex- 
tends ventrally to just above the acetabular margin in most 
prosauropods but is restricted to the dorsal half in Lufengosaurus, 
Plateosaurus, and Riojasaurus. The preacetabular process is short 
except in Ammosaurus and Anchisaurus, in which it is propor- 
tionally elongate (figs. 12.8A, 12.9A-C). In Ammosaurus, An- 
chisaurus, and Melanorosaurus it lacks a scar that is present in 
“Gyposaurus” sinensis, Lufengosaurus, Massospondylus, Plateo- 
saurus, and Sellosaurus (possibly for M. iliofemoralis). The angle 
the preacetabular process makes with the pubic peduncle is 
gently curved in all prosauropods except Ammosaurus, Anchi- 
saurus, and Riojasaurus (adults), in which it is acute. The ventral 
extent of the pubic and ischial peduncles is subequal, so that 
the inferior ends are nearly parallel to the horizontally oriented 
long axis of the iliac blade. The brevis shelf is narrow, and the 
sacral rib of the caudosacral and/or sacral vertebra 2 (figs. 12.6E, 
12.71) articulates with it, while the other sacral rib or ribs su- 
ture more cranially against the body of the ilium. The thin 
supracetabular rim projects laterally and extends along the 
craniodorsal part of the acetabulum. The acetabulum itself 
is backed by the ilium extensively in Thecodontosaurus and 
juveniles of Sellosaurus but only slightly in most prosauropods. 
The pubis is twisted along its length, with its proximal part form- 
ing a deep, thin, oblique subacetabular region that bears an ob- 
turator foramen (figs. 12.9A, B; 12.10A-C). This region is shallow 
in Riojasaurus and still shallower in Anchisaurus, in which the 
obturator foramen opens ventrally. The obturator foramen is 
small in “Gyposaurus” sinensis, Jingshanosaurus, Massospondylus, 
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Riojasaurus, and Yunnanosaurus, variable in Plateosaurus, and 
large in Ammosaurus, Anchisaurus, Lufengosaurus, Melanoro- 
saurus, Saturnalia, Sellosaurus, and Thecodontosaurus. The fora- 
men is partly obscured in cranial view in Jingshanosaurus, Masso- 
spondylus, Plateosaurus, Sellosaurus, and Thecodontosaurus but 
completely visible in the other prosauropods. The main part of 
the pubis is transversely expanded, and because there is an ex- 
tensive median symphysis, the two pubes form a platelike apron. 
This apron is broad in all prosauropods except Anchisaurus, in 
which it is narrow. In cranial view the lateral margin of the pubis 
is straight or bows laterally in all prosauropods except “Gypo- 
saurus” sinensis, Lufengosaurus, and Massospondylus, in which it 
has a concave profile. The ratio of the ischium length to the 
pubis length is less than 0.9 in Jingshanosaurus, Lufengosaurus, 
Massospondylus, Melanorosaurus, Plateosaurus, Riojasaurus, and 
Yunnanosaurus and more than 0.9 in the remaining genera. The 
ratio of the lengths of the pubic and ischial subacetabular mar- 
gins is 1.0 in Ammosaurus, Anchisaurus, “Gyposaurus” sinensis, 
Jingshanosaurus, Riojasaurus, and Yunnanosaurus but 0.5 in the 
remaining genera. The deep (except in Ammosaurus), obliquely 
inclined subacetabular part of the ischium sweeps back to the 
more distal median symphysis (fig. 12.9A). The distal end is only 
slightly expanded in lateral view relative to the rest of the shaft 
in Anchisaurus and Thecodontosaurus; in the remaining genera 
the thickness of the shaft is double at the distal end. The distal 
end is rounded or flattened in end view in Camelotia, Plateo- 
saurus, and Thecodontosaurus but subtriangular in outline in the 
other prosauropods. 

The femur of many prosauropods is sigmoid in the cranial 
and lateral views and lacks a distinct neck (fig. 12.9C-E), and 
the femoral head merges smoothly with the lateral margin of 
the shaft in cranial view. However, in Anchisaurus, Camelotia, 
“Gyposaurus” capensis, Jingshanosaurus, Lufengosaurus (Young 
1947), Melanorosaurus, Riojasaurus, and Yunnanosaurus (Young 
1947) the distal part of the shaft is straight in caudal view, as in 
sauropods, and the head meets the lateral margin at an abrupt 
angle in Camelotia, Melanorosaurus, and Riojasaurus. However, 
in lateral view the cranial face of the femur is convex in all 
prosauropods. The greater trochanter of prosauropods is repre- 
sented by a thick lateral edge adjacent to the head. The cranial 
trochanter consists of a low ridge, all of which lies medial to the 
lateral edge of the femur, except in Riojasaurus, Melanorosaurus, 
and Camelotia, in which it becomes a progressively more 
prominent sheet whose lateral edge is visible in caudal view. The 
proximal end terminates below the head except in Euskelo- 
saurus, Lufengosaurus, Massospondylus, and Yunnanosaurus, in 
which it terminates level with the femoral head. Saturnalia has 
a subhorizontal trochanteric shelf, a structure lost in all other 
prosauropods (see Novas 1996a). The fourth trochanter is a 
prominent, platelike structure with a pendant shape in Masso- 
spondylus and in some individuals of Lufengosaurus and Yunnano- 
saurus. It lies close to the midline of the shaft in Euskelosaurus, 
“Gyposaurus” sinensis, Jingshanosaurus, Massospondylus, Plateo- 
saurus, Sellosaurus, Thecodontosaurus, and Yunnanosaurus. The 
apex is usually located on the proximal half of the femur, but it 
extends below midlength in Camelotia, Euskelosaurus, Melanoro- 
saurus, and Riojasaurus. The shaft, which is usually subcircular 
in cross section, is twisted about its long axis, so that the articu- 
lar axis of the subequal distal condyles forms an angle of 25° 
with the axis of the femoral head. In melanorosaurids the 
femoral shaft is transversely widened and craniocaudally com- 
pressed as in sauropods. 

The ratio of tibia length to femur length is 0.70 or higher 
in all prosauropods except Lufengosaurus, in which it is 0.65. 


The tibia has a prominent, cranially directed cnemial crest, the 
shaft is triangular in cross section, and the distal end is slightly 
expanded transversely. A prominent groove deepens laterally 
to accommodate the ascending process of the astragalus (fig. 
12.9G-N). This groove is backed by a prominent, thick de- 
scending process formed by the medial malleolus of the tibia. 
The tibiae of smaller prosauropods such as Anchisaurus, “Gypo- 
saurus” sinensis, Massospondylus, Saturnalia, Sellosaurus, and Theco- 
dontosaurus are proportionally more slender, whereas those of 
melanorosaurids are more robust with a much larger cnemial 
crest. The expanded ends of the fibula are set at 40° to each other, 
so that the distal cranial edge also faces medially. In Masso- 
spondylus there is a muscle scar on the lateral surface at midlength. 

The large astragalus has a craniolateral ascending process that 
fits into the grooved distal end of the tibia. In most prosauropods 
two distal tarsals are preserved capping metatarsals III and IV. 
The calcaneum is a small, subtriangular bone that contacts the 
fibula proximally and the astragalus medially. 

The form of the pes is uniform. Metatarsals I and V are short, 
but I is robust and bears a short but strong digit, whereas V is 
paddle-shaped, being broad and thin proximally but tapering 
rapidly to a rodlike distal part that bears a vestigial phalanx. 
Metatarsals I and II have proximal width-length ratios of 0.25 in 
Anchisaurus, “Gyposaurus” sinensis, Saturnalia, and Thecodonto- 
saurus and more than 0.25 in the remaining genera; in Sello- 
saurus the former is true for juveniles, and the latter for adults. 
The proximal end of metatarsal II is subquadrangular in Jing- 
shanosaurus but hourglass-shaped in the remaining genera. Dig- 
its land IV are subequal, and digit II is only slightly longer. Apart 
from the unguals, all phalanges are longer proximodistally than 
they are wide transversely except in Camelotia and Melanoro- 
saurus, in which the width exceeds the length in at least some 
phalanges. Unguals decrease in length from digits I to IV in all 
prosauropods except Anchisaurus, in which the ungual of digit I 
is shorter than that of digit II (fig. 12.9G). In smaller forms, such 
as Anchisaurus, Saturnalia, and Thecodontosaurus, the pes is slen- 
der, the plesiomorphic condition. However, the robustness can 
change ontogenetically, as indicated by the pes of different-sized 
individuals of Massospondylus (Cooper 1981b) and Sellosaurus 
(fig. 12.9H, I; Huene 1907-8, 1915, 1932; Galton 1973b, 1985c). 


Systematics and Evolution 


Basal sauropodomorph relationships have been reconstructed 
using a data matrix of 137 characters for 1 outgroup and 23 
ingroup taxa. The analysis includes prosauropods plus the basal 
sauropods Barapasaurus (Jain et al. 1975, 1979), Blikanasaurus 
(Galton and Heerden 1985, 1998), Kotasaurus (Yadagiri 1988, 
2001), Shunosaurus (Dong et al. 1983; Zhang 1988; Zheng 1991), 
and Vulcanodon (Raath 1972; Cooper 1984). Most prosauropod 
genera were included, but information on Ruehleia (Galton 
2001a) and Yimenosaurus (Bai et al. 1990) was obtained too late 
for inclusion in the current analysis. The basic outgroup frame- 
work for Sauropodomorpha follows that of Novas 1996a. The 
first two outgroups—Theropoda (represented by Eoraptor [Sereno 
et al. 1993], Herrerasaurus [Novas 1993; Sereno 1994; Sereno 
and Novas 1993], Staurikosaurus [Colbert 1970; Galton 1977a, 
2000a], Coelophysis [Colbert 1989], Dilophosaurus [Welles 1984], 
and Allosaurus [Madsen 1976a]) and Ornithischia (Lesothosaurus 
[Sereno 1991], Hypsilophodon [Galton 1974a], and Iguanodon 
[Norman 1980, 1986])—agreed on most polarity determinations, 
but when they did not, we used the following supplementary 
outgroups: nondinosaurian Dinosauromorpha (Lagerpeton, Mara- 
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FIGURE 12.11. Cladistic analysis of Prosauropoda: one of the two most 
parsimonious trees found by a Heuristic Search using PAUP*4.0 (Swof- 
ford 1998). The other most parsimonious tree is identical to this except 
that Massospondylus and Yunnanosaurus have swapped positions. Tree 
length = 279 steps, CI=0.541, RI=0.635, RCI=0.355. 


suchus [Sereno and Arcucci 1993, 1994]), Ornithosuchus (Walker 
1964), and Scleromochlus (Benton 2000). These outgroups were 
used to create a hypothetical “Ancestor,” which has been as- 
signed a state of zero for all characters. 

The data matrix was analyzed using the Heuristic Search in 
PAUP*4.0 (Swofford 1998). This analysis produced two most 
parsimonious trees (fig. 12.11) with the following statistics: tree 
length = 279 steps; CI=0.541; RI=0.635; RCI=0.355. 

The following clade diagnoses are based on the delayed trans- 
formation optimization (DELTRAN) in PAUP*4.0 (Swofford 1998), 
which favors convergence over reversal. Character numbers 
correspond to those in the character list. Character numbers pre- 
ceded by an asterisk have an equivocal distribution (i.e., accel- 
erated transformation optimization would place the character 
transformation at a different node). This ambiguity may reflect 
missing data or the impact of homoplasy. The abbreviation 
“Con.” followed by the names of one or more taxa indicates that 
the character has been independently derived in that taxon. 
Similarly, the abbreviation “Rev.” indicates character reversal. 
The characters were mapped onto one of the two most parsimo- 
nious trees (fig. 12.11) produced by the cladistic analysis. The 
two most parsimonious trees are so similar in topology that the 
arbitrary decision to use one of them for character mapping 
makes little difference to the character-state distributions at 
most nodes. The two most parsimonious trees differ only in the 
positions of Massospondylus and Yunnanosaurus (fig. 12.11), and 
characters relevant to this instability are discussed below. 

Node 1, Sauropodomorpha, is defined as all taxa more closely 
related to Saltasaurus than to Theropoda. Diagnosis of this clade 
includes the following: the skull length is less than 50% of the 
femur length (1: Rev. Mussaurus); the diameter of the external 
naris is at least 60% of the maximum orbit diameter (3: Rev. An- 
chisaurus and Coloradisaurus); the maxilla enters the margin of 
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the external naris (5: Rev. at node 18); the internarial bar is trans- 
versely compressed (6); the infratemporal opening extends for- 
ward to a point beneath the orbit (17: Con. Coloradisaurus and at 
node 18); the supratemporal fenestra is visible in lateral view 
(23: Rev. Riojasaurus and at node 14); the rostral end of the den- 
tary is deflected ventrally in lateral view (31); the tooth crowns 
overlap in lateral view (37: Rev. Riojasaurus); tooth serrations are 
oriented at 45° to the crown long axis (38); there are ten cervical 
vertebrae (44); the number of sacral vertebrae increases to three 
via the addition of a caudosacral (62: Rev. Riojasaurus and at 
node 10, Con. at node 17 [Sellosaurus is dimorphic]); the proxi- 
mal carpals are absent or fail to ossify (80: Rev. at node 10, Con. 
Lufengosaurus); the ascending process of the astragalus keys into 
the distal surface of the tibia (122); metatarsal V is funnel- or 
paddle-shaped (132); and the pedal ungual on digit I is longer 
than the other pedal unguals (135: Rev. Anchisaurus). 

The definition and diagnosis of node 2, Prosauropoda, is pro- 
vided in the “Definition and Diagnosis” section above. Basally 
placed in this clade is Thecodontosaurus antiquus, a small (length 
ca. 2.5 m), fully bipedal form represented by many isolated bones 
and a skeleton from a juvenile individual ca. 1 m long from the 
Late Triassic (Rhaetian) of Britain (figs. 12.1A, 12.3D-F, 12.5B, D, 
12.80; Huene 1907-8, 1914a; Kermack 1984; Benton et al. 2000b). 
Autapomorphies of Thecodontosaurus include elongate basiptery- 
goid processes; a short dentary (Benton et al. 2000b); over- 
hanging, planar cervical epipophyses; and a short, dorso- 
ventrally deep preacetabular process of the ilium (Yates 2001). 

Node 3, so far unnamed, can be diagnosed based on the fol- 
lowing features: the medially and distally located teeth are 
lanceolate or unrecurved (*42: Con. Sauropoda; alternatively a 
synapomorphy of Sauropodomorpha that reverses in Thecodonto- 
saurus); the deltopectoral crest terminates at or below the 
midlength of the humerus (73: Rev. at node 6 and “Gyposaurus” 
sinensis); and the distal end of the ischium is expanded dorso- 
ventrally (*101: Rev. Anchisaurus and Con. Sauropoda; alter- 
natively a synapomorphy of Sauropodomorpha that reverses in 
Anchisaurus and Thecodontosaurus). 

Saturnalia tupiniquim is a small (1.5 m long), slender, fully 
bipedal form represented by three partial skeletons lacking 
skulls (except for an impression of a dentary with teeth) from 
the Late Triassic (?late Ladinian or early Carnian) of Brazil 
(Langer et al. 1999b). Although described as a sauropodomorph, 
it is a basal prosauropod. The femur is extremely plesiomorphic 
in retaining a prominent trochanteric shelf proximally (cf. 
Novas 1996a). The position of Saturnalia in the cladogram is 
controversial insofar as the only other study to consider this 
taxon (Langer et al. 1999b) argued that it represents a “basal 
sauropodomorph”; i.e., it is the sister taxon to Sauropoda + 
Prosauropoda. The latter view is supported on the basis of “over- 
all morphology” (Langer et al. 1999b:4) rather than a suite of 
synapomorphies uniting prosauropods and sauropods to the 
exclusion of Saturnalia. As demonstrated by Langer et al. 
(1999b), it is not disputed that Saturnalia is some form of 
sauropodomorph. However, our cladistic analysis places Satur- 
nalia within Prosauropoda on the basis of two synapomorphies: 
an elongate caudal dorsal centra (ratio of length to height 
greater than 1.0 [53: highly variable, possibly size-related]) and 
a large pubic foramen (98: multiple reversals [because of missing 
elements and the requirement for further preparation, the other 
prosauropod synapomorphies were not examined in Saturna- 
lia]). Placement of Saturnalia “above” Thecodontosaurus is based 
on three synapomorphies (see diagnosis for node 3, above). Cur- 
rent knowledge of the anatomy of Saturnalia is poor, and it is 
possible that further preparation and discoveries will reveal new 
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data that support the original view of Langer et al. (1999b). The 
character-state distributions listed above are clearly equivocal, 
and therefore the proposed relationships of Saturnalia should 
be regarded as tentative. However, it is safer to regard Saturnalia 
as a basal prosauropod. 

Node 4, so far unnamed, can be diagnosed on the following 
synapomorphies: the maxilla bears a foramen directed caudally 
and five to six directed rostrally (*9); the vena cerebralis media 
has a separate opening above the foramen for c.n. V (*27); the 
axial postzygapophyses terminate flush with the caudal end of 
the centrum (*46); the length-height ratio of the axial centrum 
is 3.0 or greater (*47); metacarpal I is short and robust (*82); the 
acetabulum is not backed medially by a sheet of bone (90: Rev. 
Euskelosaurus, Con. Sauropoda); the distal end of the ischium is 
subtriangular in outline (*103: Rev. Camelotia and Plateosaurus, 
Con. Vulcanodon; alternatively a synapomorphy of Sauropodo- 
morpha that reverses in Camelotia, Plateosaurus, Thecodontosaurus, 
and Eusauropoda [sensu Upchurch, 1995, 1998]); the robustness 
of metatarsals II and III increases (130: Rev. Anchisaurus and 
“Gyposaurus” sinensis, Con. Sauropoda); and the ratio of the 
transverse width to the dorsoventral height of the proximal end 
of metatarsal IV is 3.0 (*131). 

Node 5, Anchisauria, is a new taxon defined as Anchisaurus 
and Melanorosaurus, their common ancestor, and all its descen- 
dants. It is diagnosed based on the following characters: the 
length of the prefrontal is subequal to that of the frontal (*19: 
Con. at node 15; alternatively a synapomorphy at node 4 [or 
more basal nodes] and Rev. Coloradisaurus and Massospondylus); 
the frontal is excluded from the margin of the supratemporal 
fossa (*22: Con. Massospondylus, Coloradisaurus, and Lufengo- 
saurus); at least five teeth are found in the premaxilla (35: Con. 
Sellosaurus [polymorphic] and at node 15); the ratio of forelimb 
length to hindlimb length is greater than 0.60 (*70: Con. 
Sauropoda; alternatively a synapomorphy of Sauropodo- 
morpha that reverses at node 10); the pubic foramen is com- 
pletely visible in the cranial view of the pubis (99: Con. at node 
11, Rev. at node 18); the femoral shaft is straight in cranial or 
caudal view (112: Con. Sauropoda and at node 15); the femoral 
fourth trochanter is displaced to the caudomedial margin of the 
shaft (115: Con. Sauropoda and Lufengosaurus); and the proxi- 
mal end of metatarsal II is hourglass-shaped (*129: Con. at node 
10; alternatively a synapomorphy at node 4 that reverses in 
Jingshanosaurus). 

Node 6, Anchisauridae, is defined as all taxa more closely 
related to Anchisaurus than to Melanorosaurus. Synapomorphies 
include the following: the length-height ratio of the longest 
postaxial cervical centrum is at least 3.0 (*48: Con. Eusauropoda 
[sensu Upchurch, 1995, 1998] and at node 10; alternatively a 
synapomorphy at node 4 that is convergently acquired by eu- 
sauropods and reverses in Riojasaurus and “Gyposaurus” sinen- 
sis); the deltopectoral crest terminates at above 50% of the 
humerus length, a character state reversal (73: reversal Con. 
“Gyposaurus” sinensis); the preacetabular process of the ilium 
terminates in front of the distal tip of the pubic process in lateral 
view (87: Con. Sauropoda); and the angle between the preace- 
tabular and pubic processes of the ilium is acute in lateral view (89: 
Con. Riojasaurus [polymorphic], Barapasaurus, and Kotasaurus). 

Anchisaurus polyzelus is a small animal, ca. 2.5 m long (figs. 
12.5A, 12.10B, G; Huene 1906, 1914a; Lull 1953; Galton 1976b), 
from the Pliensbachian or Toarcian of the Connecticut Valley. 
An unusual plesiomorphic condition is the transverse narrow- 
ness of the distal apronlike part of the pubis. Autapomorphies 
include large basisphenoid tubera that project farther ventrally 
than the small basipterygoid processes; ventral emargination of 


the proximal part of the pubis, resulting in an open obturator 
foramen; and reduction in the size of the first ungual of the pes, 
so that it is smaller than the second ungual, a character reversal. 

Sereno (1999a) synonymized Ammosaurus with Anchisaurus. 
The fact that these two taxa are sister groups is consistent with 
such asynonymy, but clear non-age-related differences between 
these two taxa (e.g., the emarginated proximal portion of the 
pubis in Anchisaurus versus emargination of the proximal end 
of the ischium in Ammosaurus; and the reduced ungual on pedal 
digit lin Anchisaurus, which is not seen in Ammosaurus) suggest 
that it is premature to regard them as the same genus with 
“Ammosaurus” as the adult. Also, a 1 m long juvenile referred to 
Ammosaurus major has a broad metatarsus, while it is slender in 
the larger Anchisaurus (Galton 1976b). 

Ammosaurus major, from the Pliensbachian or Toarcian of 
Connecticut, is an animal ca. 4 m long whose skull is unknown 
(fig. 12.10A; Huene 1906, 1914a; Lull 1953; Galton 1976b). 
Autapomorphies include the distal separation of the transverse 
process and the rib of the caudosacral vertebra and the ventral 
emargination of the proximal part of the ischium. Articulated 
material from the Pliensbachian or Toarcian of Arizona was re- 
ferred to Ammosaurus major by Galton (1971b, 1976b) but may 
represent Massospondylus; other unillustrated partial skeletons 
from the Early Jurassic of Nova Scotia were described as cf. Am- 
mosaurus sp. by Shubin et al. (1994). 

Node 7, Melanorosauridae, is defined as all taxa more closely 
related to Melanorosaurus than to Anchisaurus. Apomorphies 
supporting this taxon include the following: a dorsosacral is 
added to the sacrum (*63: multiple independent acquisitions, 
including Sauropoda; alternative, equally complex set of trans- 
formations present under accelerated optimization); the dorsal 
margin of the ilium has a steplike sigmoid profile in lateral view 
(92); the cranial trochanter projects beyond the lateral margin 
of the femur, thus visible in caudal view (105); the cranial tro- 
chanter develops into a prominent sheetlike structure (108: 
potentially not logically independent from 105); the proximal 
and lateral margins of the femur meet at an abrupt right angle in 
cranial view (111: Con. Sauropoda above level of Kotasaurus); the 
distal end of the fourth trochanter lies at or below the femoral 
midlength (114: Con. Euskelosaurus and Sauropoda above level 
of Kotasaurus); and the femoral shaft is transversely wide and 
craniocaudally compressed (116: Con. Sauropoda). 

Riojasaurus incertus is represented by several relatively long 
(8 m) partial skeletons (fig. 12.1D), one witha skull (fig. 12.4A-D), 
from the Norian of Argentina (fig. 12.10C-F, K; Bonaparte 1972, 
1999a; Bonaparte and Pumares 1995; Wilson and Sereno 1998: 
fig. 36A). Autapomorphies include a rostral prominence on the 
premaxilla; a low, rounded lacrimal-prefrontal crest; an expanded 
distal end to the basipterygoid process; and a coracoid with a 
cranial process. 

Node 8, another unnamed clade, is diagnosed based on the 
following features: the prezygadiapophyseal lamina is absent 
on the cranial dorsals (*58: Con. Anchisaurus and Massospondy- 
lus); the proximal caudal centra are high relative to their axial 
length (66: Con. Sauropoda, Lufengosaurus, and Massospondylus 
[polymorphic]); and at least some pedal phalanges, excluding 
unguals, are broader transversely than long proximodistally (134: 
Con. Shunosaurus). 

Melanorosaurus readi is represented by a nearly complete 
skeleton (length 7.5 m) lacking the skull and two other partial 
skeletons from the early Norian (Lucas and Hancox 2001; Harris 
et al. 2002), of South Africa (Haughton 1924; Heerden 1977, 
1979; Heerden and Galton 1997; Galton et al., in press). How- 
ever, additional Melanorosaurus material was probably collected, 


because Kitching and Raath (1984) arbitrarily listed all large 
prosauropods from the Lower Elliot Formation as Euskelosaurus 
sp. An autapomorphy is the incorporation of a dorsal vertebra 
into the sacrum as a fourth sacral vertebra (with retention of the 
caudosacral). 

Melanorosaurus thabanensis is based on a femur from the 
Hettangian-?Sinemurian of Lesotho (Gauffre 1993c). Autapo- 
morphies include an oblique fourth trochanter far from the 
medial edge and a cranial trochanter far from the lateral edge. 
Heerden (1977; see also Charig et al. 1965) noted that the post- 
cranial elements referred to the theropod dinosaur Sinosaurus 
triassicus (Hettangian to Sinemurian, People’s Republic of China) 
by Young (1948b, 1951) include a mixture of plateosaurid and 
melanorosaurid elements. He has not elaborated further on 
this, but if true, it would represent another Early Jurassic record 
of a melanorosaurid. Welman (1999) described the braincase of 
a complete skull of a basal prosauropod from the Lower Elliot 
Formation of South Africa. This specimen, which represents a 
nearly complete skeleton, was identified originally as Euskelo- 
saurus (Welman 1998; photo in MacRae 1999:202), but it is re- 
identified as Melanorosaurus by Galton et al. (in press). The skull 
is characterized by a wide basal fissure between the basioccipital 
and the basisphenoid and a medially expanded retroarticular 
process (Welman 1999). 

Node 9, as yet unnamed, is diagnosed by a length-height 
ratio for the caudal dorsal centra of less than 1.0, a character 
reversal (53: highly variable). Included taxa are Camelotia and 
Lessemsaurus. 

Camelotia borealis is based on a partial skeleton (length 10 m) 
from the Rhaetian of England (Seeley 1898; Huene 1907-8; 
Galton 1985d, 1998b). An autapomorphy is the large, sheetlike 
cranial trochanter. 

Lessemsaurus sauropoides is a large animal (length 9 m) based 
on three individuals represented only by neural arches of 3 cer- 
vicals, 14 dorsals, and 2 sacrals plus the centra from 3 cervicals 
and numerous dorsals from the Norian of Argentina. A caudal 
cervical and a cranial dorsal vertebra (fig. 12.6F-I) were origi- 
nally referred to an unnamed melanorosaurid (Bonaparte 
1986), but these and other vertebrae from the same series were 
described later as L. sauropoides (Bonaparte 1999a). Autapo- 
morphies include middle and caudal cervical vertebrae with tall 
neural arches having a strong transverse infrapostzygapophy- 
seal constriction, deep postspinal fossa, and high infrapost- 
zygapophyseal fossa; and the middle and caudal dorsal verte- 
brae with neural spines higher than wide (height-width ratio 
1.5-2:1). These vertebrae are much more sauropodlike than are 
those of other prosauropods. 

Node 10 represents a clade named Plateosauria (Tornier, 1913), 
which is defined as Jingshanosaurus, Plateosaurus, their most re- 
cent common ancestor, and all of its descendants. Features that 
diagnose Plateosauria include the following: the retroarticular 
process is long (35: Rev. Massospondylus); the length-height ra- 
tio of the longest postaxial cervical centrum is at least 3.0 (*48: 
Con. Eusauropoda [sensu Upchurch, 1995, 1998] and at node 6, 
Rev. “Gyposaurus” sinensis; alternatively a synapomorphy at 
node 4 convergently acquired in eusauropods and reversed in 
Riojasaurus and “G.” sinensis); one of the caudosacrals is lost, a 
character reversal (62: original derived state would have to be 
reacquired in Plateosaurus and Sellosaurus [polymorphic]); a 
dorsosacral is added to the sacrum (63: Con. Sauropoda and 
Melanorosauridae, Rev. at node 17); proximal carpals are ossi- 
fied, a character reversal (90: Rev. at node 16); and the obturator 
foramen in the pubis is large, a character reversal (98: Rev. at 
node 18). 
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Jingshanosaurus xinwaensis is a medium-sized animal (length 
ca. 5m) known froma single partial skeleton (figs. 12.4J-L, 12.7K, 
L; Zhang and Yang 1995, cervicals 4-10 missing) from the lower 
Dull Purplish Beds of the Lower Lufeng Series (Hettangian- 
Pliensbachian [Luo and Wu 1994, 1995; Dong 1995]). Autapo- 
morphies include a small external mandibular fenestra, a mas- 
sive sacrocostal yoke (developed independently in sauropods), 
and the massive carpal block formed by the fusion of distal 
carpals 2-5. The postcrania referred to Sinosaurus by Young 
(1948b, 1951) from the upper Dark Red Beds of the Lower Lufeng 
Series were reassigned to this taxon by Zhang and Yang (1995), 
but this assignment is unlikely because of differences in horizon 
and in the form of the sacrum (Galton 1999b). 

Nodes 11 and 12, so far unnamed, are not diagnosed here 
because of uncertainty about the relationships of prosauropods. 
The two most parsimonious trees (fig. 12.11) are identical except 
for the positions of Massospondylus and Yunnanosaurus. These 
two genera diverge from the lineages leading to plateosaurids at 
nodes 11 and 12, swapping places with each other between the 
two cladograms. 

Massospondylus carinatus, from the Hettangian to Pliensba- 
chian of southern Africa, isa medium-sized animal ca. 5 m long 
(figs. 12.3J-M, 12.4E-I, 12.6J, 12.7J, 12.8Q; Cooper 1981b; Cromp- 
ton and Attridge 1986:fig. 17.4, 17.5; Gow 1990a; Gow et al. 1990; 
MacRae, 1999:203 for color photos of skull and of complete 
skeleton as preserved; Hinic 2002a, 2002b). Autapomorphies 
include a skull that is at least 10% wider than high with the 
width of the base of the cultriform process at least 20% of its 
length (Hinic 2002a) and a prominent muscle scar on the lateral 
surface of the fibula at midlength. Material referred to Ammo- 
saurus major from the Pliensbachian or Toarcian of Arizona by 
Galton (1971b, 1976b) may be referable to Massospondylus, a 
complete skull of which is described from Arizona (Attridge et 
al. 1985; Crompton and Attridge 1986:fig. 17.6). Based on several 
partial skeletons, including the skull, Massospondylus is also 
recognized from the Cafion del Colorado Formation (Lower 
Jurassic) of San Juan, Argentina (Martinez 1999, 2002a). 

Curiously, even though the anatomy of Massospondylus is 
well known, it is one of the two unstable taxa in the current 
analysis (indicating that character conflict, rather than missing 
data, is having an important effect on cladogram topology). To 
explore this issue further, the character-state distributions rele- 
vant to the position of Massospondylus have been examined 
under delayed and accelerated optimization transformation for 
both of the most parsimonious trees. Under both delayed 
and accelerated transformation optimization only one charac- 
ter supports the sister-group relationship between Massospon- 
dylus and the plateosaurid clade (Mussaurus, Coloradisaurus, 
“Gyposaurus” sinensis, Lufengosaurus, Euskelosaurus, Plateosaurus, 
and Sellosaurus). The synapomorphy is the presence of a long 
lateral lamina on the maxilla (13: independently acquired in 
Riojasaurus and lost in Lufengosaurus + “Gyposaurus” sinensis). 
All other derived characters supporting this node under de- 
layed transformation have a different distribution under accel- 
erated transformation. The only unequivocal character sup- 
porting the placement of Yunnanosaurus closer to plateosaurids 
than is Massospondylus is the presence of a pubic obturator fora- 
men that is completely visible in cranial view (99: Con. Anchi- 
sauria, Rev. at node 18). Thus, the evidence supporting each of 
the alternative placements of Massospondylus and Yunnanosaurus 
is extremely weak. 

Yunnanosaurus huangi, a large animal ca. 7 m long (figs. 12.3Q, 
R, 12.8L, 12.10J; Young 1942a, 1951) from the upper Dark Red 
Beds of the Lower Lufeng Series (?Rhaetian-Pliensbachian [Luo 
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and Wu 1994, 1995; Dong 1995]), of the Lufeng Basin, Yunnan, 
People’s Republic of China. The maxillary and dentary teeth are 
autapomorphic, being weakly spatulate and noticeably asym- 
metrical, with the apices directed slightly labially and at most 
only a few coarse apically directed marginal denticles. 

Node 13, Plateosauridae, a taxon named by Marsh (1895b), 
is defined as all taxa more closely related to Plateosaurus than to 
Yunnanosaurus or Massospondylus. (Ideally only one of the two 
latter reference taxa would be employed in this definition, but 
both are used here because of the current uncertainty in their 
precise relationships.) Plateosauridae is diagnosed by an infra- 
temporal fenestra that does not extend ventrally beneath the 
orbit, a character reversal (17: Rev. Lufengosaurus). 

Mussaurus patagonicus, from the ?Norian of southern Argen- 
tina, is represented by extremely small skeletons ca. 25-30 cm 
long (figs. 12.1C, 12.31; Bonaparte and Vince 1979). However, a 
series of intermediate-sized skeletons link these juveniles to 
larger individuals (length ca. 3 m) from the same site that were 
briefly described by Casamiquela (1980) as Plateosaurus sp. 
(Bonaparte, pers. comm.). The latter referral is incorrect because 
the third sacral vertebra is a dorsosacral in the Argentinean 
material (Novas, pers. comm.) rather than a caudosacral as in 
Plateosaurus, the angle between the rami of the quadratojugal 
is 65° rather than 45°, and there are differences in the size and 
shape of the antorbital fenestra (Casamiquela 1980, pl. 1). In ad- 
dition, the dorsal process of the maxilla is narrow and vertically 
oriented with a small medial lamina, the mandibular symphysis 
lacks a ventral projection, and the parasphenoid process is lo- 
cated at almost the same level as the occipital condyle (Martinez, 
pers. comm.). The diagnosis of Mussaurus patagonicus must await 
a full description of the adult individuals. 

Node 14, an unnamed clade, can be diagnosed by the fol- 
lowing apomorphies: the caudal half of the premaxillary as- 
cending process is horizontal (*7); the supratemporal fenestra 
is obscured laterally by the upper temporal bar, a character re- 
versal (23: Con. Riojasaurus); supraoccipital is inclined at 45° in 
lateral view (26); the parasphenoid rostrum lies below the level 
of the occipital condyle (*29: Rev. Sellosaurus); and the jaw ar- 
ticulation lies below the tooth row (*34). 

Coloradisaurus brevis, from the Norian of northern Argen- 
tina, is represented by a deep, wide skull with a short snout and 
an articulated neck (figs. 12.3G, H, 12.5C; Bonaparte 1978b; 
Bonaparte and Pumares 1995). Autapomorphies include a wide 
dorsal process and a large medial lamina to the maxilla and a 
large medial lamina to the lacrimal. 

Node 15, as yet unnamed, is diagnosed by three features: the 
nasal obscures the dorsal contact between the maxilla and the 
lacrimal in lateral view (10: Con. Massospondylus); the ratio of 
prefrontal length to frontal length is greater than 0.95 (19: Con. 
Anchisaurus and Riojasaurus); and five teeth are found in the 
premaxilla (36: Con. Anchisauria). 

Node 16, also unnamed, is diagnosed by the following fea- 
tures: the transverse processes of the cranial dorsal vertebrae 
are directed dorsolaterally (56: Con. Shunosaurus); the proximal 
carpals are absent or fail to ossify, a character reversal (80); the 
lateral margin of the pubis is concave in cranial view (*96: Con. 
Sauropoda and Massospondylus); the pubic obturator foramen 
is completely visible in cranial view (*99: Con. Anchisauria, 
Euskelosaurus, and Yunnanosaurus); the femoral shaft is straight 
in cranial view (112: Con. Sauropoda and Anchisauria); and the 
ungual on pedal digit is subequal to or longer than other pedal 
phalanges (136: Con. Sauropoda). 

Lufengosaurus huenei is a medium-sized animal (length ca. 5 m) 
known from several articulated skeletons (figs. 12.2N-P, 12.8P; 


Young 1941a, 1947, 1951; Dong 1992:figs. 26, 27) from the lower 
Dull Purplish Beds of the Lower Lufeng Series (?Rhaetian-Bajocian 
{Luo and Wu 1994, 1995; Dong 1995]). Derived characters in- 
clude a skull with large prefrontals and an expanded top to the 
dorsal process of the maxilla, as well as a 0.65 ratio of tibia length 
to femur length. 

“Gyposaurus” sinensis is represented by several partial skele- 
tons 2.3 min length (Young 1941b, 1948a) that are also from the 
lower Dull Purplish Beds of the Lower Lufeng Series. It is char- 
acterized by short cervical vertebrae, a character reversal. “G.” 
sinensis has been regarded as a junior synonym of Lufengosaurus 
huenei, the former being a juvenile of the latter (Rozhdestvensky 
1966; Galton and Cluver 1976; Galton 1990a). However, Sereno 
(1997, 1999a) has argued that the short cervicals of “G.” sinensis, 
along with other unspecified features, mean that it is a separate 
taxon and that it probably belongs close to the base of Pro- 
sauropoda, along with the other short-necked forms (Saturnalia, 
Thecodontosaurus, and Riojasaurus, as against the long-necked 
prosauropods). Sereno (1999a) provided character data for 11 
prosauropod taxa, although his cladogram only shows 6 of these 
(one of the taxa excluded is “G.” sinensis). Rerunning the full 
data set gives six most parsimonious trees, in each of which “G.” 
sinensis is variably positioned close to the base of the tree. How- 
ever, the analysis in this chapter places “G.” sinensis as the sister 
taxon to Lufengosaurus huenei, a result consistent with syn- 
onymizing these two taxa. Changes from the plesiomorphic to 
the derived condition associated with continued growth could 
include the changes in proportions of the caudal dorsal centra 
(change in length-height ratio from less than 1.0 to greater than 
1.0 [53]) and the proximal caudal centra (from 1.0 to 0.5 [66]); 
the more distal shift in position of the deltopectoral crest on the 
humerus (as occurs in Euskelosaurus and Riojasaurus [73]); and 
the increased robustness of the pes (as occurs in Massospondylus 
and Sellosaurus [130]). This explanation is less likely for the prox- 
imal shift in the termination of the cranial trochanter (from be- 
low the femoral head to level with it [104]); the more medial 
shift in position of the fourth trochanter on the femur (from the 
midline to close to the caudomedial margin of the shaft [115]), 
and the reduction in the ratio of tibia length to femoral length 
from 0.89 to 0.63-0.66 (117). The ratio of ischium length to 
pubis length is 0.73-0.77 in Lufengosaurus, compared with 0.9- 
1.07 in “Gyposaurus” sinensis, the derived condition (97). Also, 
the third cervical centrum, the longest in the series, is more 
elongate in a smaller individual of “G.” sinensis than it is in a 
larger one (Young 1941b:pl. 1, figs. 3, 4); it should be the reverse 
if “G.” sinensis is a juvenile Lufengosaurus huenei. “G.” sinensis 
probably represents a distinct species from L. huenei, but further 
study of the morphology of these two taxa is required to deter- 
mine if these differences warrant a generic separation. Unfor- 
tunately, the skull is poorly represented in “G.” sinensis, but a 
photograph is given in Dong (1992:fig. 33) of an undescribed 
skull from the Dafung Basin, Guizhou Province. 

Node 17 constitutes an unnamed clade that can be diagnosed 
by the loss of a dorsosacral (63) and the addition of a caudosacral 
(62), a character reversal. 

Euskelosaurus browni, from the late Carnian or early Norian 
of southern Africa (Heerden 1979; Gauffre 1993b, 1996), has long 
been referred to Melanorosauridae (including Cooper 1980), but 
Heerden (1979) showed that it is a large plateosaurid ca. 10 m 
long. The large maxilla described by Seeley (1894a) is not 
prosauropod; it was referred to the basal saurischian Aliwalia rex 
Galton, 1985c, by Galton and Heerden (1998). Euskelosaurus is 
characterized by a deltopectoral crest of the humerus that is 
sigmoid in cranial view. 


Node 18 is an unnamed clade diagnosable by the following 
features: the maxilla is excluded from the external narial margin 
by contact between the premaxilla and nasal, a character rever- 
sal (*5); the frontal is excluded from the margin of the supra- 
temporal fossa, a character reversal (*22); and the proximal end 
of the cranial trochanter terminates below the level of the femoral 
head, a character reversal (104). 

Plateosaurus longiceps, the common species of Plateosaurus, is 
the best-represented prosauropod in the world. It is represented 
by numerous skeletons, some with complete skulls, occurring 
in mass accumulations in the middle to late Norian at Trossin- 
gen (figs. 12.1B, 12.2, 12.5E, 12.6A-E, 12.7E, 12.8A-K, 12.9; 
Huene 1926a, 1932; Galton 1984a, 1985a, 2001la, 2001b; 
Weishampel 1984a; Weishampel and Westphal 1986; Sander 
1992) and Knollenmergel (Trossingen Formation) of Halber- 
stadt (Jaekel 1913-14; Huene 1932; Galton 1985a, 2001a, 2001b), 
plus equivalent beds in other parts of Germany (fig. 12.7F), 
France (Huene 1907-8; Galton 1998a), Switzerland (Huene 
1907-8; Galton 1986b), and probably the Norian of Greenland 
(Jenkins et al. 1995). It is large (length up to ca. 9 m), and the 
skull has an elongate snout. Autapomorphies include nasal 
length greater than half the length of the skull roof; a medially 
directed, peglike process from the middle of the palatine; anda 
transverse subvertical lamina of the basisphenoid between the 
basipterygoid processes. 

Plateosaurus engelhardti is based on fragmentary remains from 
the Feuerletten Formation (middle to upper Norian) of Bayern, 
Germany (Huene 1907-8; Galton 2000a, 2001a, 2001b). The dis- 
tal part of the femur is possibly straight in craniocaudal view 
(rather than curved as in P. longiceps), and autapomorphies in- 
clude sacral rib 1 and 2 originating from the complete length of 
centrum 1 and from the caudal 75% of centrum 2 (cf. plesio- 
morphic cranial 50% and 75% in P. longiceps). Additional Fuer- 
letten material with more massive hindlimb bones and a pro- 
portionally shorter metatarsus than in P. longiceps may be 
referable to this species (Wellnhofer 1993b; Galton 2000a); if 
so, then additional autapomorphies are slightly wedge-shaped 
centra to caudal vertebrae 3-7 and an open obturator foramen 
in the pubis (also in Anchisaurus). This species may also be rep- 
resented by single specimens from Poligny, France, and Halber- 
stadt, Germany (Galton 1998a, 2000a, 2001a, 2001b). 

Sellosaurus gracilis is known from several partial skeletons 
(length up to ca. 6.5 m) from the middle Norian of Germany 
(figs. 12.7G, H, 12.10H, I; Huene 1907-8, 1915, 1932; Galton 
1973b, 1984b, 1985b, 1985c, 1999b, 2000b, 2001a, 2001c, in 
prep. b; Galton and Bakker 1985). The skull of S. gracilis lacks 
several of the derived characters of the more recent Plateo- 
saurus longiceps, so it is no longer referred to that genus (Galton 
1985b). Sacra have three vertebrae, with the third one either a 
dorsosacral or a caudosacral (fig. 12.7G, H; Galton 2000b, 2001a, 
2001c). 

Anumber of less well known taxa are grouped here under the 
rubric Prosauropoda incertae sedis. They include Azendohsaurus, 
Ruehleia, and Yimenosaurus. 

Azendohsaurus laaroussi, from the Late Triassic (middle Car- 
nian) of Morocco, was originally described by Dutuit (1972) as 
an ornithischian dinosaur. Originally known from a dentary, 
teeth (fig. 12.7A; Dutuit 1972:figs. a, b), and maxilla (Gauffre 
1993a:fig. 2), A. laaroussi was first regarded as a prosauropod, but 
one of the teeth (Dutuit 1972:fig. c) is similar to those of the or- 
nithischian Lesothosaurus (Galton 1984b, 1985e, 1986a, 1990a; 
Sereno 1991). Gauffre (1993a) noted two tooth forms for Azendoh- 
saurus with the following contrasting sets of characters: 8-12 or 
4-6 mesial and distal denticles; the ratio of crown height to 
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mesiodistal width 1.5-2 or 1-1.4; a central vertical ridge present 
on both faces or absent; the mesial and distal edges either asym- 
metrical with different denticle counts or symmetrical with 
the same denticle count; and cingula on both faces or only on the 
labial face. Most dentary teeth are of the first kind (fig. 12.7A), and 
most maxillary teeth of the second form, but both are some- 
times associated in the same tooth row with teeth of intermedi- 
ate forms (Gauffre 1993a). Although heterodonty occurs along 
the tooth rows in prosauropods, this marked difference be- 
tween maxillary and dentary tooth rows is unique to Azendoh- 
saurus (as is the ornithischian-like form of the second kind of 
tooth). However, the dentary lacks a lateral ridge, and the first 
tooth is not caudally inset—two prosauropod synapomorphies 
(32, 39). Disarticulated unillustrated postcranial bones found 
with Azendohsaurus show no dinosaurian synapomorphies but, 
instead, an assortment of plesiomorphic character states (e.g., 
an ilium with an imperforate acetabulum and no brevis fossa 
and a femur with a proximally situated fourth trochanter and 
a head that is not distinctly set off from the shaft) indicating 
that this taxon is Ornithodira incertae sedis (Jaliland Knoll 2002, 
in prep.), not dinosaurian. If these associations prove to be cor- 
rect, then the presence of Azendohsaurus-like teeth (fig. 12.7A) 
and jaws is not indicative of an early prosauropod and some of 
the isolated teeth of Triassic ornithischians may have been in- 
correctly identified by Hunt and Lucas (1994). 

Ruehleia bedheimensis is known from a reasonably complete 
skeleton (cervicals 4-10, dorsals 1-14, a dorsosacral, sacrals 1 and 
2, representative sample of 20 caudals, and the appendicular 
skeleton lacking the pes; length 6.5 m), from the Norian of 
Thtiringen, Germany (Galton 2001a, 2001b). The three-vertebra 
sacrum has a dorsosacral rather than a caudosacral as in Plateo- 
saurus. The manus has three large carpals with complex articu- 
lar surfaces; the ilium is plesiomorphic with a large pubic pe- 
duncle and an extremely short and small preacetabular process; 
and for the proximal end of the pubis the length of the articular 
surface for the ilium is much longer than wide with a short ac- 
etabular part (equal to half the width of the iliac surface). 

Yimenosaurus youngi is based on four partial skeletons (length 
9 m) with partial skulls from the Pliensbachian or Toarcian of 
Yunnan, People’s Republic of China (fig. 12.4M; Bai et al. 1990, 
only skull illustrated). Autapomorphies include an elongate 
ascending process of the maxilla (50% of the length of the 
maxilla; the height of the skull at the antorbital opening 50% 
of the length), chevrons with club-shaped distal ends, and a 
large inflated crest on the distal pubis. 


Biogeography 


Few studies have investigated the biogeographic distribution of 
prosauropods. Until recently a rigorous cladistic approach to 
this issue has not been possible because of the lack of a detailed, 
well-resolved cladogram for the group. Upchurch et al. (2002) 
applied the cladistic biogeographic method known as compo- 
nent analysis to a large data set on dinosaurian phylogeny and 
distribution that included information for prosauropods. The 
results of the analyses for the Late Triassic and Early Jurassic re- 
vealed no statistically significant area relationships. One possible 
explanation for these results is that prosauropod phylogeny did 
not have a continent-level vicariance pattern imposed on it by 
Pangean fragmentation. This would not be surprising, given that 
the major fragmentation events occurred after the extinction 
of prosauropods (i.e., from the Middle Jurassic onward). Alter- 
natively, prosauropod biogeographic distributions may have dis- 
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played a consistent pattern, but that pattern could be obscured 
by missing data and problematic taxonomic identifications. 


Taphonomy 


Prosauropods often occur as complete or partial skeletons, but 
complete skulls are rare. The remains of these animals usually 
occur in marls, mudstones, and siltstones (e.g., Euskelosaurus, 
Lufengosaurus, Massospondylus, Melanorosaurus, Plateosaurus, 
Riojasaurus, Yunnanosaurus), in sandstones (e.g., Ammosaurus, 
Anchisaurus, Massospondylus, Saturnalia, Sellosaurus), and in 
eolian sandstones (e.g., Ammmosaurus from Arizona). Articulated 
material of Massospondylus from Zimbabwe occurs in thin, 
water-laid sediments within an eolian-dominated basin (Raath 
1980). Disarticulated remains of Euskelosaurus and Massospon- 
dylus from South Africa occur in separate thin beds of mudstone 
(1-3 m and 2 m thick) with numerous calcareous concretions 
that represent conditions of subaerial exposure with the pro- 
duction of calcareous soil or caliche (Kitching and Raath 1984). 
Remains of Thecodontosaurus from Britain occur in Rhaetic fis- 
sure fills in Carboniferous limestone as mostly disarticulated 
bones of adults in a conglomerate (see Huene 1907-8, 1914a; and 
Benton et al. 2000b) and as articulated bones of juveniles in a 
stratified marl (see Kermack 1984). 

The bones may be distorted, and surfaces are commonly sun- 
cracked (e.g., Euskelosaurus, Lufengosaurus, Plateosaurus, Yunnano- 
saurus). Moser (2000) pointed out that the shapes of some of the 
bones of Plateosaurus from the upper bone bed at Trossingen 
were modified by pedogenesis. He noted that the increase in 
size resulted from the swelling of clay minerals within the bone. 
In this way specimens became unnaturally enlarged, leading to 
“adult” bones with the proportions of juvenile bones (Huene 
1932). 

Some prosauropods occur as isolated skeletons (e.g., Am- 
mosaurus, Anchisaurus, Blikanasaurus, Coloradisaurus, Euskelo- 
saurus, Massospondylus), whereas others occur as monospecific 
mass accumulations. Examples of the latter include Lufengo- 
saurus huenei (Young 1951), Mussaurus patagonicus (Bonaparte 
and Vince 1979; Casamiquela 1980), Plateosaurus longiceps (Jaekel 
1913-14; Huene 1928, 1932; Weishampel 1984a; Galton 1986b, 
2001b; Weishampel and Westphal 1986; Sander 1992, 1999a), 
Riojasaurus incertus (Bonaparte 1982b), Sellosaurus gracilis (Huene 
1907-8, 1932; Galton 1985b, 1985c; Hungerbiihler 1998b), The- 
codontosaurus antiquus (Huene 1907-8, 1914a; Benton et al. 
2000b), and Yunnanosaurus huangi (Young 1951). Detailed tapho- 
nomic information is available for Plateosaurus longiceps, in- 
cluding a map of their occurrence at Halberstadt (Jaekel 1913- 
14) and an analysis of 1930s quarry data from Trossingen, Ger- 
many (Weishampel 1984a). On the basis of age-class and 
completeness distributions, Weishampel (1984a) interpreted 
the lower frequency and less complete remains from two marl 
bone beds as the result of normal background turnover in an 
animal that was common in the region. However, he suggested 
that a concentration of more complete carcasses in the top 1m 
of the lower bone bed indicates catastrophic mortality related to 
the overlying intermediate bed, a layer dominated by bone 
shards that represents a rapid mudflow. However, Sander (1992, 
1999a) and Hungerbiihler (1998b, also for Sellosaurus) noted 
that the remains consist of an almost monospecific assemblage, 
the caudal parts of the skeletons are preferentially preserved, 
and in some cases there is an identical burial pose, lying flat on 
the belly with the limbs projecting downward into the sedi- 
ment. Their interpretation involves single individuals becom- 


ing mired in mudholes situated on an ancient floodplain, with 
the cranial part or most of the axial skeleton of some of the car- 
casses being removed by the scavenging activities of predators 
(smaller theropods [see Hungerbiihler 1998b]). Over time this 
miring resulted in large, local accumulations of prosauropods, 
but smaller elements of the fauna were absent because they did 
not become mired and preserved. A quarry diagram of an almost 
complete skeleton from Trossingen demonstrates disarticula- 
tion of the tail, which was slightly scattered as four separated 
segments by predators (Galton 2001b). This accumulation of 
carcasses at Trossingen should not be used as evidence for herd- 
ing, as has been done in the past (Huene 1928), because the 
period of time involved is not known (Weishampel 1984a; 
Sander 1992); in addition, one individual every 28 square meters 
is not exactly what would be expected for a traveling herd 
(Sander 1999a). 


Paleoecology and Paleobiology 


Prosauropods are a rare constituent in the late Carnian faunas 
in which they occur. In the Lower Elliot Formation (Norian) of 
South Africa and Lesotho, Euskelosaurus is common (Heerden 
1979; Kitching and Raath 1984), while Melanorosaurus and espe- 
cially Blikanasaurus are rare. Other elements of this fauna in- 
clude a capitosaurid amphibian, a rauisuchian, and a traverso- 
dontid therapsid (Anderson et al. 1998b; Galton and Heerden 
1998; Lucas and Hancox 2001). This paleofauna is the earliest oc- 
currence of the Prosauropod Empire of Benton (1983a). In the 
Los Colorados Formation (Norian) of Argentina 40% of indi- 
viduals are the large (up to 10 m) Riojasaurus (Bonaparte 1982b), 
while the large Lessemsaurus and the smaller Coloradisaurus 
are rare (Bonaparte 1978b, 1999a); there is also an undescribed 
form with a slender manus and pes (Arcucci and Coria 1996). 
The remainder of this fauna consists of primitive theropods, 
stagonolepids, rauisuchians, ornithosuchids, sphenosuchid 
and protosuchid crocodilomorphs, and pachygenelid therap- 
sids (Bonaparte 1982b). Studies of prosauropod-carnivore teeth 
assemblages from the Norian of Germany show that the large 
basal archosaurs (heterodont, deep-snouted phytosaurs and 
rauisuchians) preying on Sellosaurus of the Lowenstein For- 
mation (middle Norian) were replaced by theropod dinosaurs 
preying on Plateosaurus of the Trossingen Formation (upper 
Norian [Hungerbihler 1998b]). The numerical predominance 
of prosauropods in the fossil record continues for the rest of the 
Norian and into the Early Jurassic (to the Toarcian). Masso- 
spondylus from the Upper Elliot and Clarens formations (Lower 
Jurassic) shared the scene with primitive ornithischians, prim- 
itive theropods, protosuchid and pedeticosaurid crocodilo- 
morphs, tritylodontid, tritheleodontid, and diarthrognathid 
therapsids, and morganucodontid mammals (Olsen and Galton 
1984; Anderson et al. 1998b). Based on data given by Benton 
(1983a), Plateosaurus represents at least 75% of the individual 
animals from the Trossingen Formation (upper Norian) of 
Trossingen, Germany, and Lufengosaurus and Yunnanosaurus 
represent 82% of the individuals from the Lower Lufeng Series 
(Lower Jurassic) of the People’s Republic of China (see Luo and 
Wu 1994 for associated faunas). In both cases prosauropods are 
by far the largest animals and certainly formed a majority of the 
original biomass. 

Both raw taxic and phylogenetically corrected estimates of 
prosauropod diversity indicate that the greatest number of pro- 
sauropod lineages existed during the Norian. From this peak, di- 
versity drops rapidly during the Rhaetian and then gradually 


throughout the Early Jurassic. The factors controlling this di- 
versity pattern are not understood. It is conceivable that com- 
petition with radiating sauropod lineages resulted in the decline 
of the prosauropods. However, given the discovery of Triassic 
sauropod bones (Isanosaurus, Rhaetian Thailand [Buffetaut et al. 
2000b]) and the recent reidentification of Triassic bones (Blikano- 
saurus, mid-Carnian [Upchurch et al., this vol.]) and footprints 
(Tetrasauropus, Norian-Rhaetian, United States, southern Africa, 
Greenland, western Europe [Lockley et al. 2001c]) as those of 
sauropods, these two groups effectively overlapped geographi- 
cally for at least 30 million years during the Late Triassic and 
Early Jurassic. Benton (1996) has argued that long overlaps be- 
tween groups are unlikely to occur when competitive replace- 
ment is an important factor, suggesting that the sauropods were 
not responsible for the final extinction of the prosauropods. It is 
interesting, however, that those prosauropods that most closely 
resemble sauropods in terms of anatomy and body size (melanoro- 
saurids) are a short-lived group and, except for Melanorosaurus 
thabanensis, do not survive beyond the Triassic-Jurassic bound- 
ary. Although speculative, a competitive interaction between 
sauropods and melanorosaurids remains feasible. 

Although some prosauropods were regarded as carnivorous, 
they are usually considered to represent the first radiation of 
herbivorous dinosaurs (Colbert 1951; Charig et al. 1965; Romer 
1966; Galton 1976b; Bonaparte 1982b; Benton 1983a; Weisham- 
pel 1984b; Carroll 1988). The evidence for a herbivorous versus 
a carnivorous diet is discussed by Galton (1984a, 1985e, 1986a, 
1990a, 2001a; see also Attridge et al. 1985; Crompton and At- 
tridge 1986; Gow et al. 1990; and Barrett 2000a); Galton also re- 
jected a scavenging predatory diet with occasional cannibalism 
in these animals (Cooper 1981b). Part of the reason for the de- 
bate concerning the diet of prosauropods is that their masti- 
catory apparatus appears to be poorly adapted for dealing with 
resistant plant material, especially when compared with that of 
ornithischian dinosaurs and other Carnian and Norian herbi- 
vores (e.g., chelonians, procolophonids, trilophosaurids, rhyn- 
chosaurs, mammal-like reptiles such as dicynodonts and trity- 
lodontids, and the small mammals [Galton 1986a; Crompton 
and Attridge 1986]). Compared with the skulls of most of these 
herbivores, the skulls of prosauropods are lightly constructed, 
with noninterdigitating, overlapping, or abutting sutures that 
tended to separate prior to preservation (see Galton 1985a); 
there is proportionally much less room for the adductor muscles 
(Crompton and Attridge 1986); and apart from referred teeth of 
Plateosaurus and “Yunnanosaurus” (figs. 12.5F-H, 12.7A-C), well- 
developed tooth-tooth wear facets are not found on the teeth. 
However, Barrett (2000a) was probably correct in regarding 
them as opportunistic or facultative omnivores rather than 
strict herbivores (see below). 

The cranial characters of many prosauropods clearly match 
those of herbivorous reptiles rather than those of carnivorous 
reptiles (Galton 1984a, 1985e, 1986a, contra Swinton 1934 and 
1970; Cooper 1981b). The jaw articulation is set below the line 
of the tooth row, and the degree of ventral offset ranges from 
small in Anchisaurus, Jingshanosaurus, Massospondylus, Riojasaurus, 
Thecodontosaurus, Yimenosaurus, and Yunnanosaurus (figs. 12.3A, 
D,J, M, Q; 12.4A, E, G, J, M) to large in Coloradisaurus, Mussaurus, 
Plateosaurus, and Lufengosaurus (figs. 12.2A; 12.3G, N). Similarly, 
ornithischian dinosaurs (Galton 1973a) represent another group 
of herbivorous dinosaurs that develop a ventral jaw articulation 
within the group (also in aetosaurs [Charig et al. 1976]). How- 
ever, whereas nearly all ornithischians have a well-offset jaw ar- 
ticulation, in prosauropods this occurs only in Plateosauridae, 
so in this respect most prosauropods are less well adapted for 
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herbivory. It is true that transverse movement of the mandibles 
was not possible in prosauropods, but two functions proposed 
for the dorsally offset articulation of herbivorous mammals 
that do not involve transverse movements also apply to the ven- 
trally offset jaw articulation of prosauropods. First, offsetting in- 
creases the angle between the lever arm of the bite force and the 
plane of the teeth, which is important in dealing with resistant 
plant material (Crompton and Hiiemae 1969). Second, it allows 
amore even distribution of the biting force by ensuring that the 
tooth rows are almost parallel at occlusion, so that contact is 
made along the complete length of the tooth row by a nutcracker- 
like action (Colbert 1951:89). Crompton and Attridge (1986) 
reconstructed a predentary for Massospondylus (fig. 12.3J) be- 
cause the lower jaw is shorter than the upper jaw in two skulls. 
However, Gow et al. (1990) note that a predentary is unnecessary 
because the discrepancy results from dorsoventral crushing and 
is absent in laterally compressed skulls (figs. 12.3M; 12.4E, F). 

The coarsely serrated, spatulate crowns of the maxillary and 
dentary teeth of most prosauropods are transversely compressed 
and mesiodistally expanded, so that the maximum width of 
the crown is greater than that of the root (figs. 12.5D, E; 12.7A). 
This crown shape is nearly identical to that of extant herbivo- 
rous iguanids and agamids. Such an expansion, with consequent 
reduction of the space between adjacent teeth, results in a more 
nearly continuous cutting edge than occurs in insectivorous 
and carnivorous lizards (Hotton 1955; Ray 1965; Montanucci 
1968; Throckmorton 1976; Auffenberg 1981). The teeth of most 
prosauropods also resemble those of Iguana iguana in the en ech- 
elon arrangement of the maxillary and dentary tooth crowns 
(fig. 12.5E), which bear prominent serrations set at 45° to the 
cutting edges (Throckmorton 1976). 

The lack of wear facets on the teeth of most prosauropods 
indicates that the teeth did not come into contact with each 
other, so there was no tooth-tooth occlusion. Throckmorton 
(1976) showed that the teeth of Iguana iguana also lack wear facets 
and that they were used only to bite off a piece of a plant and not 
for food processing. Unlike lizards, prosauropods probably had 
cheeks, so food was retained, and an extensive soft secondary 
palate in Plateosaurus may have allowed breathing and chewing 
at the same time. Oral processing probably involved a piercing 
and puncturing action of the teeth in most prosauropods. This 
also produced the tooth-food wear surfaces on the apices of 
teeth of Massospondylus and Plateosaurus (fig. 12.7C) and on one 
edge of a maxillary tooth of “Yunnanosaurus” (fig. 12.5F). The 
edges of the flat, obliquely inclined second wear surface on the 
maxillary tooth of “Yunnanosaurus” (fig. 12.5G, H) were self- 
sharpened by wear against the corresponding surface on the 
opposing dentary tooth much like that in the sauropod Brachio- 
saurus (Janensch 1935-36). The continuous tooth-tooth wear 
surface on the mesial and distal edges of an isolated referred 
tooth of Plateosaurus (fig. 12.7D; Cuny and Ramboer 1991:fig. 3g; 
Galton 1998a:fig. 7C) is comparable to those in a variety of sauro- 
pods. These wear surfaces could have been caused by propalinal 
movements, which were widespread in sauropods, but they 
could also have been produced just by orthal movements (Chris- 
tiansen 2000; Upchurch and Barrett 2000; Upchurch et al., this 
vol.), as was the case in prosauropods. 

Barrett (1996a, 2000a) pointed out that herbivorous iguanines 
are not exclusively herbivorous, showing severe growth dis- 
orders if meat is excluded from their diet, and are better charac- 
terized as opportunist or facultative omnivores rather than strict 
herbivores. The more rostral part of the tooth row is adapted for 
the capture of small prey because the teeth are subconical in 
cross section, with fine serrations on the distal edges, are re- 
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curved, and terminate in a sharp point. Consequently, the ser- 
rated tooth morphology in the remainder of the tooth row is not 
an a priori adaptation to herbivory but instead provides the 
animal with an opportunity to engage in herbivory while con- 
tinuing to be carnivorous or omnivorous. The striking simi- 
larities in the heterodont dentitions of prosauropods and 
herbivorous iguanines suggest that prosauropods were also op- 
portunistic or facultative omnivores who supplemented their 
mostly herbivorous diet with small prey or carrion (Barrett 
1996a, 2000a). Interestingly enough, a badly worn partial max- 
illa of the sphenodontid Clevosaurus was found in direct associ- 
ation with numerous worn gastroliths within the ribcage of a 
larger individual of cf. Ammosaurus sp. (Shubin et al. 1994). The 
enormous ungual phalanx of the prosauropod manus may even 
have been used to rip open carrion. 

Once the plant food was ingested, a gastric mill provided 
further mechanical breakdown of the plant (and a little animal) 
material. Indeed, well-preserved gastric mills consisting of a 
concentrated mass of small stones have been found associated 
with the stomach contents of several Massospondylus (Bond 
1955; Raath 1974), one Sellosaurus (Huene 1932; Galton 1973b), 
and one cf. Ammosaurus (Shubin et al. 1994). The occurrence of 
gastroliths is well documented in sauropods (Christiansen 1996a; 
Sanders et al. 2001). Modern birds, many of which are herbiv- 
orous, lack teeth but use gastroliths for the mechanical break- 
down of food (Welty and Baptista 1988). 

Because of their relative lack of oral processing compared 
with most ornithischian dinosaurs and their reliance on me- 
chanical breakdown of food in the gizzard (Christiansen 1999), 
prosauropods probably had low turnover times in their fermen- 
tation chamber for the digestion of poor-quality plant material, 
although it is possible that they opted for high passage rates 
and concentrated on the most nutritive components of the food 
(Farlow 1987a). If so, they probably had long, large intestines 
and short, small intestines, partitions across the colon, and a 
symbiotic microflora in a hindgut fermentation chamber to 
degrade dietary fiber as in modern herbivorous reptiles (Guard 
1980; Iverson 1980, 1982; Farlow 1987a). The gastrointestinal 
situation for prosauropods is unknown, but the barrel-like rib 
cage (see photos in Huene 1932; Weishampel and Westphal 1986; 
and Galton 2001b) and broad, apronlike pubis indicate a capa- 
cious digestive tract. 

OsmoOlska (1979) pointed out that the external nostrils are en- 
larged in most herbivorous dinosaurs, including prosauropods 
such as Plateosaurus. She suggested that the nostrils housed a 
large lateral nasal gland that functioned as a salt gland to unload 
the excess potassium ions in the food of large herbivores. How- 
ever, Whybrow (1981) questioned whether there was sufficient 
room for the nostrils to house the salt gland and its associated 
duct system and still perform a respiratory function. 

Bakker (1978) suggested that prosauropods could assume a 
tripodal feeding posture in order to browse at high levels. How- 
ever, as Coe et al. (1987) noted, elephants can easily stand on 
their hind legs but do not usually feed in this position. The long 
neck probably extended the vertical feeding range, so that higher 
vegetation could be reached, much like the situation in giraffes. 
Food could not have been conveyed directly to the mouth by the 
prosauropod manus. However, the manus was probably used to 
hold on to branches to assist balancing while the animal reared 
up on its hindlimbs to reach higher levels of vegetation, much 
as suggested for the large first ungual of sauropods (Upchurch 
1994b; Galton, in press). In addition to foliage, prosauropods 
probably fed on fleshy nilssonialian fruits and possibly on 
bennettitalian inflorescences at lower levels (O-1 m) and, as the 


only Triassic browsers capable of feeding at higher levels (1-3 m 
[Parrish 1998]), on lycopsid fructifications as well (Weishampel 
1984b). 

According to Sereno (1997:451), “Most variation [in prosauro- 
pods] occurs within the skulls.” In fact, postcranial characters 
do make a significant contribution: of the 79 characters relating 
to potential phylogenetic signal within Prosauropoda, 45 (i.e., 
57%) pertain to the postcrania. The majority (75%) of these 
postcranial characters concern the appendicular skeleton. Under 
both delayed and accelerated optimization (PAUP*4.0 [Swofford 
1998]), the early phase of prosauropod evolution (as diagnosed 
by character-state changes near the base of the cladogram) in- 
volves both cranial and postcranial modifications. It is notice- 
able, however, that later character-state changes (e.g., those 
within Plateosauria) are strongly biased toward cranial modifi- 
cations alone. This pattern may reflect early dominance of lo- 
comotor adaptation, perhaps related to increasing body size. 

Neck elongation in basal sauropodomorphs is particularly 
interesting because it reflects an adaptation to a previously un- 
exploited high-browsing niche (Parrish 1998). Sereno (1997:450) 
stated that “marked lengthening of the neck does not charac- 
terize sauropodomorphs as a whole but instead arose several 
times within Sauropodomorpha.” Sauropodomorphs length- 
ened their necks in three main ways (Upchurch 1994a): (1) elon- 
gation of cervical vertebrae; (2) addition of new cervical verte- 
brae; and (3) conversion of dorsal vertebrae to cervical vertebrae. 
Within Sauropoda, neck elongation always involves lengthen- 
ing of individual cervicals, often combined with one or both of 
the other methods of neck elongation. The distribution of neck- 
related characters in the basal sauropodomorph cladogram in- 
dicates that the common ancestor of sauropods and prosauro- 
pods would have possessed an additional cervical vertebra (i.e., 
10 instead of 9). Cervical elongation, however, has an equivocal 
distribution: under delayed optimization cervical centra acquire 
the derived 3:1 length-height ratio independently in more de- 
rived sauropods and prosauropods. Under accelerated optimiza- 
tion cervical elongation occurs in the common ancestor of all 
sauropodomorphs and is reversed in Riojasaurus and Kotasaurus. 
“Gyposaurus” sinensis also possesses short cervicals, but this does 
not alter the distribution of this character state because this 
taxon lies far from the base of the tree. A comparison of neck- 
trunk ratios (based on the summed lengths of all cervical and 
dorsal centra) implies that sauropodomorph neck elongation is 
perhaps more complex than previously considered. Basal or- 
nithischians and theropods have ratios of neck length to trunk 
length of 0.40 (e.g., Eoraptor [Sereno et al. 1993]). In prosauro- 
pods this ratio lies between 0.70 and 0.90 (even in short-necked 
forms such as Riojasaurus), and in basal sauropods it rises to at 
least 1.2 (e.g., Shunosaurus [Zhang 1988]). In summary, some 
limited neck elongation probably occurred prior to the diver- 
gence of separate prosauropod and sauropod lineages. Prosauro- 
pods and sauropods may have then convergently developed 
even longer necks, with the latter carrying this trend to a greater 
extreme than the former. 

The best example of sexual dimorphism in a prosauropod 
probably occurs in the numerous, mostly disarticulated bones 
of Thecodontosaurus antiquus from the Late Triassic of England, 
in which there are gracile and rarer robust morphs for the 
scapula, humerus, femur, and tibia (Galton 1997a; Benton et al. 
2000b). Similar differences in scapula, femur, and tibia are 
found in Melanorosaurus readi (Heerden and Galton 1997; Gal- 
ton et al., in press). More marked differences are found between 
the gracile and robust morphs of the theropod dinosaurs Syn- 
tarsus rhodesiensis (Early Jurassic, southern Africa [see Chinsamy 


1990; Raath 1990]) and Tyrannosaurus rex (Late Cretaceous, 
western United States [see Carpenter 1990a; Larson 1994), in 
which several lines of evidence indicate that the robust form 
represents the female (see also Chapman et al. 1997; Galton 
1999b). Amorphometric analysis by Weishampel and Chapman 
(1990) of the femora of Plateosaurus longiceps from the quarry at 
Trossingen indicates the presence of one species with two clus- 
ter groups that were interpreted as individual variation, prob- 
ably sexual (Galton 1997a). Gow et al. (1990) suggested that a 
Trossingen skull of P. longiceps (fig. 12.2A) and one of Masso- 
spondylus carinatus (fig. 12.5E) with a thicker dorsal orbital rim 
and a deeper maxilla caudally represent males and that the more 
lightly built skulls represent females (fig. 12.5F). However, these 
differences in the skull of P. longiceps, which do not correlate 
with the femoral differences, probably represent individual 
variations (Galton 1997a, 2001b), as do variations in the size of 
the chevron bone between caudal centra 1 and 2 and the sacral 
differences in Sellosaurus gracilis (Galton 2001c). 

Eggs are reported for Mussaurus (Late Triassic [Bonaparte and 
Vince 1979]) and Massospondylus (Early Jurassic [Kitching 1979]). 
Under the SEM the shell structure of the latter is similar to those 
of birds and crocodiles but distinctly unlike the rigid eggshells 
of chelonians and squamates (Grine and Kitching 1987). The 
palisade layer of the prosauropod shell consists of broadly 
wedge-shaped but ill-delimited units, resembling crocodilian 
shells in this respect, but the prosauropod shell lacks the distinct 
horizontal laminae of crocodilians. The configuration of the 
calcite crystals of the prosauropod shell is tabular rather than 
spherulitic, and the packing and cleavage of the crystals results 
in an apparent herringbone pattern as in avian and dinosaur 
eggs. The inner surface has an undulating contour but lacks a 
mammillary layer; because it was probably at least partly decal- 
cified during incubation, the mammillary layer was not pre- 
served in the fossil (Grine and Kitching 1987). These eggs were 
reidentified as crocodilian by Carpenter (1999:30), but this is 
incorrect (Sues, pers. comm.). 

The role in the evolution of dinosaurs of heterochrony, or 
changes in the timing or rate of developmental events relative to 
the ancestral condition, is discussed by Weishampel and Horner 
(1994) and Long and McNamara (1997). Prosauropods, like other 
dinosaurian groups for which there are ontogenetic samples 
(see Weishampel and Horner 1994), possessed fibro-lamellar pri- 
mary bone and often dense Haversian secondary bone through- 
out their lives (Ricqlés 1980; Chinsamy 1993), so they appear 
to have been fast-growing animals. The clutch size is apo- 
morphically reduced in prosauropods, as indicated by nest ma- 
terial with at least two eggs for Mussaurus patagonicus (Bonaparte 
and Vince 1979) and at least six eggs for Massospondylus carina- 
tus (Kitching 1979). In both cases the hatchlings are small 
(weight ca. 1 kg, length ca. 0.2%-0.4% of adult length), so there 
is an apomorphic increase in adult size relative to hatchlings 
(less than 500 to 1,000 times larger than hatchlings [Weisham- 
pel and Horner 1994]). 

The midshaft cross-sectional histology of femora of Masso- 
spondylus carinatus indicates that the physiology was at an in- 
termediate level on the continuum from ectothermy to en- 
dothermy (Chinsamy 1993). The cortex is stratified into growth 
rings, so growth was seasonally cyclic, with one zone and one 
annulus representing an annual cycle. Slowed growth is indi- 
cated by the poorly vascularized, lamellated annuli, whereas fast 
growth is represented by the highly vascular zonal bone tissue. 
The presence of highly vascularized fibro-lamellar tissue sug- 
gests that the bone deposition rate during the favorable growth 
season was more similar to that of living endotherms. However, 
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as in living ectotherms, growth was indeterminate because it 
continued indefinitely, although at a decreasing rate, with the 
largest femur representing an individual 15 years old (Chinsamy 
1993). Long and McNamara (1997) note that if the onset of ma- 
turity is delayed (hypermorphosis), the extrapolation of rapid 
juvenile growth trajectories will result in attainment of a larger 
body size and more “developed” adults (peramorphosis; it can 
also occur by an increase in the growth rate [acceleration] or an 
earlier onset of growth [predisplacement]). They compare a 
juvenile skull of Mussaurus with that of an adult Plateosaurus 
(figs. 12.2A, 12.31; see Carpenter et al. 1994a:fig. 24.1C, D, for 
comparison with adult Mussaurus maxilla and dentary) and 
note several differences. They note that the trends in the skulls 
of sauropods are “indicative of peramorphic development of 
the skull beginning with moderate ontogenetic change in pro- 
sauropods and extending to increased ontogenetic development 
throughout the lineages of camarasaurs, brachiosaurs, diplo- 
docids, and nemegtosaurids”; they also attribute to pera- 
morphosis the massive increase in size in sauropodomorphs from 
the Late Triassic to the Late Jurassic (Long and McNamara 
1997:120, fig. 10). 

Among prosauropods, Saturnalia and Thecodontosaurus are 
considered fully bipedal. The forelimbs are half the length of the 
hindlimbs as in other prosauropods, but the hindlimbs are pro- 
portionally much longer (fig. 12.1A). The ratio of trunk length 
to hindlimb length is 1:1.6 in Thecodontosaurus, compared with 
a ratio of 1:1.22 to 1:1.9 in other fully bipedal dinosaurs (Galton 
1970b). The remaining prosauropods were probably only facul- 
tatively bipedal (ratios of trunk length to hindlimb length rang- 
ing from 1:0.95 to 1:1.15, not including the additional leverage 
from the proportionally longer neck). However, Riojasaurus (and 
other melanorosaurids) must have been fully quadrupedal (ra- 
tio of 1:0.71, compared with ratios of 1:0.69 to 1:0.9 in un- 
doubtedly quadrupedal dinosaurs (Galton 1970b). The increase 
in the proportional length of the trunk provided storage space 
for the elongate viscera necessary for a herbivorous diet. On the 
basis of an analysis of the bending moments and compressive 
forces on the vertebral column, Christian and Preuschoft (1996: 
808) stated that Plateosaurus “appears to have been a habitual 
quadruped, which may have used a bipedal gait infrequently at 
its fastest locomotion, or during standing.” 

In prosauropods with sigmoid femora (fig. 12.9C-E) the 
hindlimb was held more upright than in sprawlers, but the fe- 
mur was probably at an angle of 20° to the parasagittal plane, 
with the head pointing craniomedially, so the parasagittal tibia 
could be moved craniocaudally (Cooper 1981b; Heerden 1979 
suggested an angle of 30°-45°). Cooper (1981b) suggested that 
during retraction the femur was twisted such that the head faced 
medially and perforated the open acetabulum. Christian et al. 
(1996) concluded that the limb posture of Plateosaurus during 
quadrupedal locomotion was more extended than in modern 
lizards, especially in the only slightly sprawling hindlimbs. 
However, as in lizards the adducting muscles of the pectoral and 
pelvic girdles were used for balancing the hip and shoulder 
joints, and there was at least moderate lateral undulation of the 
vertebral column. The femur was probably closer to parasagittal 
in Anchisauria, “Gyposaurus” sinensis, Jingshanosaurus, Lufengo- 
saurus, and Yunnanosaurus, in which the head is more medially 
set and the bone is distally straighter in cranial and caudal views 
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(fig. 12.10D, F). However, even in mammals a fully erect limb 
posture is found only in cursorial and graviportal mammals, and 
the femur is found at an angle of 20°-50° to the parasagittal 
plane in many other mammals (Jenkins 1971). 

The locomotor capabilities of dinosaurs can be estimated 
by comparing plots of the hindlimb proportions (tibia:femur/ 
metatarsal III:tibia) with those of living mammals (see Coombs 
1978a). On this basis, small- to medium-sized prosauropods 
such as Ammosaurus, Anchisaurus, Massospondylus, Saturnalia, 
Sellosaurus, and Thecodontosaurus were low-grade subcursorial 
runners, and large prosauropods such as Jingshanosaurus, Lufen- 
gosaurus, Melanorosaurus, Plateosaurus, and Yunnanosaurus were 
mediportal. Consequently, prosauropods were probably the slow- 
est of the bipedal dinosaurs but better runners than most other 
quadrupedal dinosaurs (Coombs 1978a; Carrano 1998). 

The constancy of the structure of the prosauropod manus 
correlates well with the development of an enormous, trench- 
ant first ungual that was used for offense or defense while the 
animal was in a bipedal stance (Galton 1971a, 1971b, 1990a, 
2001a, in press). With the first digit in full extension, the ungual 
would clearly have been a formidable weapon (fig. 12.8H, L-O). 
During quadrupedal locomotion, with the digits of the manus 
in full extension, the weight of the forequarters was taken by 
digits II to IV (in particular subequal digits I and III), while the 
first ungual was held clear of the ground (fig. 12.8H). Only if 
the substrate were irregular or soft would the lateral surface of 
this phalanx have touched the ground, and even then the point 
of the claw would not have been damaged. Such contact is 
shown by the trackway of Navahopus falapollex that Baird (1980) 
thought was made by a prosauropod walking quadrupedally. 
The first ungual was usually held clear off the ground as a result 
of two specializations of the first digit (fig. 12.8I-K). First, the 
ginglymus of metacarpal I extends well above the dorsum of 
the shaft and the articular surface extends proximally onto the 
dorsal surface, so that the first phalanx was capable of marked 
hyperextension. Second, the first phalanx is twisted along its 
length (45° between the rotational axes). In full extension the 
ungual phalanx is directed ventromedially. During flexion the 
first digit of the prosauropod manus rotates laterally around its 
long axis, so that the first ungual comes to lie more or less paral- 
lel with the unguals of digits II and III. This rotation results from 
the asymmetrical structure of the ginglymus of metacarpal I, 
whose lateral condyle is larger than the medial condyle (fig. 
12.8J). When flexed, the prosauropod manus must have acted 
as an efficient grasping organ, particularly during bilateral use 
of the hands. The main variation in the structure of the prosauro- 
pod manus is that metacarpal I is more slender in Thecodonto- 
saurus and metacarpals II-IV are more slender in Thecodontosaurus 
and Anchisaurus, in which the metatarsals are also more slender. 
Most prosauropods were large, and the more massive nature of 
the metacarpals was a weight-supporting adaptation that was 
unnecessary in the smaller forms. The basic adaptations of the 
first digit are present in the habitual biped Thecodontosaurus 
(figs. 12.1A, 12.80), a basal prosauropod, so they were present 
prior to the group’s becoming habitual quadrupeds. The reten- 
tion of the same basic plan for the manus for at least 30 million 
years shows that it met the basic functions of weight support 
while walking quadrupedally and defense or offense while 
bipedal, with or without the propping action of the tail. 
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Sauropod dinosaurs were gigantic quadrupedal herbivores (fig. 
13.1). The group includes the largest terrestrial animals ever to 
have existed; some estimates suggest that they reached lengths 
of 35 m and may have weighed as much as 100 tonnes. Sauro- 
pods appeared in the Late Triassic (Buffetaut et al. 2000b), were 
the predominant terrestrial herbivores for much of the Jurassic 
(Bakker 1978), and remained an important part of the dino- 
saur fauna until their extinction at the end of the Cretaceous. 
They achieved a global distribution by the Middle Jurassic, and 
their remains have now been recovered from all continents 
except Antarctica (Weishampel et al., this vol.). Sauropods 
have small skulls in relation to their body size, extremely elon- 
gate necks and tails, columnar limbs, and stout, barrel-shaped 
bodies. 

Despite their apparent morphological conservatism, sauro- 
pods attained a high generic-level diversity. More than 120 gen- 
era have been proposed; however, many of these are now con- 
sidered to be of dubious validity, as they were originally erected 
on the basis of highly fragmentary, nondiagnostic material 
(table 13.1). Most genera are monospecific, but several forms, 
such as the historically important Cetiosaurus and Titanosaurus, 
contain a large number of species of questionable status. In 
general, the species-level taxonomy is poorly understood, but 
several well-established North American Late Jurassic genera 
(e.g., Camarasaurus and Apatosaurus) have been the subject of 
recent revisions (Berman and McIntosh 1978; McIntosh 1990a, 
1990b, 1995; Madsen et al. 1995). Currently, the validity of ap- 
proximately 100 genera is accepted; however, it should be noted 
that many of these determinations are preliminary, and further 
rigorous taxonomic appraisals are required. In addition, the 
fragmentary nature of many sauropod specimens precludes di- 
rect comparison between many diagnosable taxa due to the lack 
of sufficient overlapping elements. 

Many genera lack cranial material and have therefore been 
based solely on fragmentary postcranial elements. This obser- 
vation has raised concerns regarding the deleterious impact of 
missing data on sauropod taxonomy and systematics (McIntosh 
1990a; Madsen et al. 1995). During the past two decades, how- 
ever, major discoveries, as well as revisions of historically im- 
portant material, have significantly improved our knowledge 
of sauropod anatomy. At present 22 genera are known from sub- 
stantial portions of both the skull and postcranial skeleton. 


Moreover, phylogenetic analysis demonstrates that it is possible 
to obtain well-resolved sauropod cladograms despite the large 
amount of missing data (Upchurch 1998; Wilkinson et al. 2000). 
This illustrates the general point that it is the informativeness, 
rather than the completeness, of taxa that determines their 
importance in systematic studies (Smith 1994). 


Definition and Diagnosis 


Sauropoda can be defined as a stem-based taxon consisting of 
sauropodomorphs more closely related to Saltasaurus than to 
Plateosaurus (Wilson and Sereno 1998). Features diagnosing 
this clade include a centrodiapophyseal lamina system on the 
cranial and midcervical vertebrae; a ratio of forelimb length to 
hindlimb length greater than 0.60; the proximal end of the ulna 
triradiate; the distal end of the radius subrectangular in outline 
with a flattened caudal margin; a ratio of metacarpal V length 
to metacarpal III length greater than 0.90; a triangular striated 
ligament attachment area on the proximal parts of the meta- 
carpal shafts; the distal end of the ischial shaft compressed, so 
that the maximum width is at least three times the minimum 
width; the femoral cranial trochanter reduced to a low ridge; the 
middle and distal portions of the femoral shaft straight in cra- 
nial view; the femoral shaft elliptical in horizontal cross section, 
with the long axis directed transversely; a ratio of tibia length to 
femur length less than 0.70; the tibial cnemial crest reduced to 
a low ridge; the base of the cranial face of the ascending process 
of the astragalus lacking a depression and nutritive foramina; a 
ratio of metatarsal III length to tibia length less than 0.40; the 
proximal end surfaces of metatarsals I and V larger than those 
of metatarsals II, III, and IV; a ratio of metatarsal III length to 
metatarsal V length of 0.85 or higher. 


Historical Review 


Sauropod remains were first discovered in England during the 
mid-nineteenth century. Owen (1841, 1842a) based his de- 
scription of Cetiosaurus on several isolated caudal vertebrae and 
various fragments recovered from the Middle Jurassic strata of 
England. Owen initially believed that he was dealing with the 
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FIGURE 13.1. Skeletal reconstructions of sauropod dinosaurs: A, Apatosaurus louisae; B, Shunosaurus lii; C, Brachiosaurus brancai. Scale = 2 m. 


(A, B, after Wilson and Sereno 1998; C after Paul 1988c.) 


remains of a gigantic marine crocodilian. During the 30 years 
following the naming of Cetiosaurus, isolated teeth and limb 
bones of sauropods were occasionally reported from the Jurassic 
and Cretaceous sediments of England and France, but these 
fragmentary finds did little to improve knowledge of sauropod 
anatomy. Most of the many taxa named on the basis of these 
finds are now considered invalid. For example, Aepysaurus, from 
the Early Cretaceous of southern France, was named for an iso- 
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lated humerus (Gervais 1852). It was not until the discovery of a 
partial skeleton of Cetiosaurus oxoniensis, from the Middle Juras- 
sic limestones of Oxfordshire, England, that paleontologists 
could start to gain a true understanding of sauropod structure 
(Phillips 1871). Unfortunately, the skull is not known, and many 
of the neural arches are missing from the vertebrae, but the 
limbs and girdles are present. Phillips (1871) provided a thor- 
ough description of this material in which he suggested that 


TABLE 13.1 


Sauropoda 


Occurrence 


Age 


Material 


Sauropodomorpha Huene, 1932 
Sauropoda Marsh, 1878b 
Blikanasaurus Galton et Heerden, 1985 
B. cromptoni Galton et 
Heerden, 1985 


Gongxianosaurus He, Wang, Liu, Zhou, Liu, 
Cai, et Dai, 1998 
G. shibeiensis He, Wang, Liu, Zhou, Liu, 
Cai, et Dai, 1998 


Isanosaurus Buffetaut, Suteethorn, Cuny, 
Tong, Le Loeuff, Khansubha, et 
Jongautchariyakul, 2000 
I. attavipachi Buffetaut, Suteethorn, 

Cuny, Tong, Le Loeuff, Knhansubha, et 
Jongautchariyakul, 2000 

Kotasaurus Yadagiri, 1988 

K. yamanpalliensis Yadagiri, 1988 


Ohmdenosaurus Wild, 1978b 
O. liasicus Wild, 1978b 


Vulcanodon Raath, 1972 
V. karibaensis Raath, 1972 


Sauropoda incertae sedis 
Cardiodon Owen, 1840-45 
C. rugulosus Owen, 1840-45 (= Cetiosaurus 
rugulosus [Owen, 1840-45]) 


Chuanjiesaurus Fang, Pang, Lu, Zhang, Pan, 
Wang, Li, et Cheng, 2000 
C. anaensis Fang, Pang, Lu, Zhang, Pan, 
Wang, Li, et Cheng, 2000 


Datousaurus Dong et Tang, 1984 
D. bashanensis Dong et Tang, 1984 


Dystrophaeus Cope, 1877b 
D. viaemalae Cope, 1877b 


Klamelisaurus Zhao, 1993 
K. gobiensis Zhao, 1993 


Oplosaurus Gervais, 1852 
O. armatus Gervais, 1852 (= Hoplosaurus 
armatus [Gervais, 1852]) 
Rhoetosaurus Longman, 1926 
R. brownei Longman, 1926 


Tendaguria Bonaparte, Heinrich, et Wild, 
2000 
T. tanzaniensis Bonaparte, Heinrich, 
et Wild, 2000 


Lower Elliot Formation 
(Cape Province), South 
Africa 


Ziliujing Formation 
(Sichuan), People’s 
Republic of China 


Nam Phong Formation 
(Khonkaen), Thailand 


Kota Formation (Andhra 
Pradesh), India 


Posidonienschiefer (Baden- 
Wiurttemburg), Germany 


Vulcanodon Beds 
(Mashonaland North), 
Zimbabwe 


Forest Marble Formation 
(Wiltshire), Great 
Oolite Formation 
(Gloucestershire) England 


Chuanjie Formation 
(Yunnan), People’s 
Republic of China 


Lower Shaximiao Formation 
(Sichuan), People’s 
Republic of China 


Summerville Formation 
(Utah), United States 


Wucaiwan Formation 
(Xinjiang Uygur Zizhiqu), 
People’s Republic of China 


Wessex Formation (Isle of 
Wight), England 


Hutton Sandstone 
Formation (Queensland), 
Australia 


Tendaguru Formation 
(Mtwara), Tanzania 


late Carnian or 
early Norian 


Early Jurassic 


late Norian- 
Rhaetian 


Early Jurassic 


middle 


Toarcian 


?Hettangian 


late Bathonian 


early Middle 
Jurassic 


Bathonian- 
Callovian 


Callovian- 


Oxfordian 


Middle Jurassic 


Barremian 


Bajocian 


Kimmeridgian 


Associated left tibia, fibula, 
tarsus, pes 


Postcranial skeleton 


Associated fragmentary 
vertebrae, ribs, chevrons, 
scapula, sternal, femur 


Nearly complete skeleton 
without skull 


Tibia, tarsus 


Partial skeleton, scapula 


Teeth 


Partial postcranial skeleton 


2 partial skeletons without 
skulls, ?jaws 


Scapula, ulna, partial radius, 


partial manus 


Partial postcranial skeleton 


Tooth 


Partial skeleton 


2 associated cranial dorsal 
vertebrae 
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Occurrence Age Material 
Volkheimeria Bonaparte, 1979a 
V. chubutensis Bonaparte, 1979a Canodon Asfalto Formation Callovian Partial skeleton consisting of 
(Chubut), Argentina presacral and sacral vertebrae, 
pelvis, hindlimb 
Unnamed basal sauropod (= “Apatosaurus” Morrison Formation Kimmeridgian- Sacrum, pelvis 
minimus Mook, 1917a) (Wyoming), United States Tithonian 
Unnamed basal sauropod (= “Morosaurus” Morrison Formation Kimmeridgian- _ Partial skull, cervicals 
agilis Marsh, 1889a) (Colorado), United States Tithonian 
Eusauropoda Upchurch, 1995 
Euhelopus Romer, 1956 (= Helopus Wiman, 
1929) 
E. zdanskyi (Wiman, 1929) (= Helopus zdanskyi Meng-Yin Formation Kimmeridgian, Skull and partial postcranial 
Wiman, 1929) (Shandong), People’s or early skeleton, additional 
Republic of China Tithonian fragmentary skeleton 
Lourinhasaurus Dantas, Sanz, Da Silva, 
Ortega, Dos Santos, et Cachao, 1998 
L. alenquerensis (Lapparent et Zbyszewski, Unidade Amoriera-Porto Oxfordian- Partial postcranial skeleton 
1957) (= Apatosaurus alenquerensis Novo, Unidade Bombarral Kimmeridgian plus 8 referred individuals, 
Lapparent et Zbyszewski, 1957; Atlantosaurus (Leiria), Camadas de partial postcranial skeleton 
alenquerensis [Lapparent et Zbyszewski, Alcobaga, Unidade 
1957]; Camarasaurus alenquerensis Amoriera-Porto Novo, 
{Lapparent et Zbyszewski, 1957]) Unidade Arranh6o, 
?Unidade Sobral, Unidade 
Bombarral, unnamed 
unit (Lisbon), Portugal 
Mamenchisaurus Young, 1954 
(= Zigongosaurus Hou, Chao, et Chu, 1976) 
M. constructus Young, 1954 Upper Shaximiao Late Jurassic Partial postcranial skeleton 


M. hochuanensis Young et Chao, 1972 


2M. sinocanadorum Russell et Zheng, 1993 


M. anyuensis He, Yang, Cai, Li, et Liu, 1996 


M. youngi Pi, Ouyang, et Ye, 1996 


M. jingyanensis Zhang et Li, 1996 vide 
Zhang et Chen, 1996 


M. fuxiensis (Hou, Chao, et Chu, 1976) 
(= Zigongosaurus fuxiensis Hou, Chao, et 
Chu, 1976) 

Omeisaurus Young, 1939 
O. junghsiensis Young, 1939 


O. tianfuensis He, Li, Cai, et 
Gao, 1984 


Shunosaurus Dong, Zhou, et Zhang, 1983 
S. lii Dong, Zhou, et Zhang, 1983 


Formation (Sichuan), 
Hantong Formation 
(Gansu), People’s Republic 
of China 

Upper Shaximiao 
Formation (Sichuan), 
People’s Republic of China 

Shishugou Formation 
(Xinjiang Uygur Zizhiqu), 
People’s Republic of China 

Penglaizhen Formation, 
Suining Formation 
(Sichuan), People’s 
Republic of China 

Upper Shaximiao 
Formation (Sichuan), 
People’s Republic of China 

Upper Shaximiao 
Formation (Sichuan), 
People’s Republic of China 

Lower Shaximiao 
Formation (Sichuan), 
People’s Republic of China 


Lower Shaximiao 
Formation (Sichuan), 
People’s Republic of China 

Lower Shaximiao 
Formation (Sichuan), 
People’s Republic of China 


Lower Shaximiao 
Formation (Sichuan), 
People’s Republic of China 


Late Jurassic 


Bathonian- 
Oxfordian 


Late Jurassic 


Late Jurassic 


Late Jurassic 


Bathonian- 
Callovian 


Bathonian- 
Callovian 
Bathonian- 


Callovian 


Bathonian- 
Callovian 


and other referred specimens 


4 partial skeletons without 
skulls 


Partial skull and skeleton 


10 postcranial skeletons 


Skull and skeleton 

Partial skull and postcranial 
skeleton 

Maxilla, teeth, dentary, 
basioccipital, dorsal vertebrae, 


pubis, ischium 


Several partial skeletons 


Skeleton with partial skull 


As many as 20 skeletons with 
5 skulls 
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Tehuelchesaurus Rich, Vickers-Rich, 
Gimenez, Cuneo, Puerta, et Vacca, 1999 
T. benitezii Rich, Vickers-Rich, Gimenez, Canodon Asfalto Formation  Callovian Partial postcranial skeleton 


Cuneo, Puerta, et Vacca, 1999 
Cetiosauridae Lydekker, 1888b 
Cetiosaurus Owen, 1841 
C. oxoniensis Phillips, 1871 (= Ornithopsis 
oxoniensis [Phillips, 1871], including 
C. giganteus Owen [ex Huxley, 1870]) 
Barapasaurus Jain, Kutty, Roy-Chowdhury, 
et Chatterjee, 1975 
B. tagorei Jain, Kutty, Roy-Chowdhury, 
et Chatterjee, 1975 


Patagosaurus Bonaparte, 1979a 
P. fariasi Bonaparte, 1979a 


Eusauropoda incertae sedis 
Amygdalodon Cabrera, 1947 
A. patagonicus Cabrera, 1947 


Aragosaurus Sanz, Buscalioni, Casanovas, 
et Santafé, 1987 
A. ischiaticus Sanz, Buscalioni, Casanovas, 
et Santafé, 1987 


Hudiesaurus Dong, 1997a 
H. sinojapanorum Dong, 1997a 


Neosauropoda Bonaparte, 1986b 
Diplodocoidea Marsh, 1884c 
Nemegtosauridae Upchurch, 1995 
Nemegtosaurus Nowinski, 1971 
N. mongoliensis Nowinski, 1971 


Quaesitosaurus Kurzanov et Bannikov, 
1983 
Q. orientalis Kurzanov et Bannikov, 
1983 
Rebbachisauridae Sereno, Beck, Dutheil, 
Larsson, Lyon, Moussa, Sadleir, Sidor, 
Varricchio, Wilson, et Wilson, 1999 
Rebbachisaurus Lavocat, 1954 
R. garasbae Lavocat, 1954 


Nigersaurus Sereno, Beck, Dutheil, Larsson, 
Lyon, Moussa, Sadleir, Sidor, Varricchio, 
Wilson, et Wilson, 1999 
N. taqueti Sereno, Beck, Dutheil, Larsson, 

Lyon, Moussa, Sadleir, Sidor, Varricchio, 
Wilson, et Wilson, 1999 (including 
Rebbachisaurus tamesnensis Lapparent, 
1960a) 


(Chubut), Argentina 


Forest Marble Formation 
(Oxfordshire), “Rutland 
Clay” (Rutland), England 


Kota Formation (Andhra 
Pradesh), India 


Canodon Asfalto Formation 
(Chubut), Argentina 


Cerro Carnerero Formation 
(Chubut), Argentina 


Castellar Formation (La 
Rioja), Spain 


Kalazha Formation (Xinjiang 
Uygur Zizhiqu), People’s 
Republic of China 


Nemegt Formation 
(Omnégov’), Mongolia 


Djadokhta Svita 
(Omnégov’), Mongolia 


Tegana Formation (Ksar-es- 
Souk), Morocco 


Elrhaz Formation (Agadez), 
Niger; “Continental 
intercalaire” (Adrar), 
“Continental intercalaire” 
(Tamenghest), 
“Continental intercalaire” 
(Wargla), Algeria; 
“Continental intercalaire” 
(Medenine), Tunisia 


late Bajocian- 
late Bathonian 


Hettangian- 
Pliensbachian, 
or 
Pliensbachian- 
Toarcian 


Callovian 


Bajocian 


late 
Hauterivian- 
early 
Barremian 


Tithonian 


early 
Maastrichtian 


middle 
Campanian 


Albian 


Aptian-Albian 


2 partial skeletons plus remains 
of two other individuals 


Scattered remains of more than 
6 partial skeletons without 
skulls, manus, or pedes 


As many as 12 skeletons with 


jaw elements 


Partial skeleton 


Caudal vertebrae, scapula, 
forelimb, ischium, pubis 


Dorsal vertebra, complete 
forelimb, 4 teeth 


Skull 


Partial skull 


Dorsal vertebrae, scapula, 
humerus, sacrum 


Partial skull, several skeletons. 
4 teeth, abundant isolated 
postcranial elements 
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Rayososaurus Bonaparte, 1996b 
(= Limaysaurus Calvo et Salgado vide 
Novas, 1997c) 
R. agrioensis Bonaparte, 1996b Rayoso Formation Aptian Left scapula, distal end of right 
(Neuquén), Argentina scapula, partial left femur, 
proximal part of left fibula 
R. tessonei (Calvo et Salgado, 1995) Rio Limay Formation Cenomanian- Partial skull and skeleton plus 
(= Rebbachisaurus tessonei Calvo et (Neuquén), Argentina early Turonian, at least 3 other individuals 
Salgado, 1995; Limaysaurus tessonei or Albian- 
[Calvo et Salgado, 1995]) Cenomanian 
Dicraeosauridae Janensch, 1929b 
Dicraeosaurus Janensch, 1914 
D. hansemanni Janensch, 1914 Tendaguru Formation Kimmeridgian Skeleton lacking skull and 
(Mtwara), Tanzania forelimbs, 2 partial skeletons, 
isolated vertebrae and limb 
elements 
D. sattleri Janensch, 1914 Tendaguru Formation Kimmeridgian 2 partial skeletons without 


Amargasaurus Salgado et Bonaparte, 1991 
A. cazaui Salgado et Bonaparte, 1991 


Diplodocidae Marsh, 1884c 
Diplodocus Marsh, 1878b 
D. longus Marsh, 1878b 


D. carnegii Hatcher, 1901 


D. hayi Holland, 1924b 
D. lacustris Marsh, 1884c 


Apatosaurus Marsh, 1877a (= Brontosaurus 
Marsh, 1879c; Elosaurus Peterson et 
Gilmore, 1902) 

A. ajax Marsh, 1877a (including A. laticollis 
Marsh, 1879a; Atlantosaurus immanis 
Marsh, 1878a) 

A. excelsus (Marsh, 1879c) (= Brontosaurus 
excelsus Marsh, 1879c, including B. amplus 
Marsh, 1881b; Elosaurus parvus Peterson 
et Gilmore, 1902) 


A. louisae Holland, 1915b 


Barosaurus Marsh, 1890b 
B. lentus Marsh, 1890b (including B. affinis 
Marsh, 1899) 


(Mtwara), Tanzania 


La Amarga Formation 
(Neuquén), Argentina 


Morrison Formation 
(Colorado), Morrison 
Formation (Utah), 

United States 

Morrison Formation 
(Wyoming), Morrison 
Formation (Utah), 
Morrison Formation (New 
Mexico), United States 

Morrison Formation 
(Wyoming), United States 

Morrison Formation 
(Colorado), United States 


Morrison Formation 
(Colorado), United States 


Morrison Formation 
(Wyoming), Morrison, 
Formation (Colorado), 
Morrison Formation 
(Oklahoma), United States 


Morrison Formation 
(Utah), United States 


Morrison Formation 
(South Dakota), 
Morrison Formation, 
?Dakota Formation 
(Utah), United States 


Barremian, or 
Berriasian- 
Valanginian 


Kimmeridgian- 
Tithonian 


Kimmeridgian- 
Tithonian 


Kimmeridgian- 
Tithonian 

Kimmeridgian- 
Tithonian 


Kimmeridgian- 
Tithonian 


Kimmeridgian- 
Tithonian 


Kimmeridgian- 
Tithonian 


Kimmeridgian- 
Tithonian, 
?late 
Cenomanian 


skulls, isolated postcranial 
remains 


Braincase and associated 
postcranial skeleton 


2 skulls, caudal series 


5 skeletons without skull or 
manus, 2 skulls, hundreds of 
isolated postcranial elements 


Partial skeleton with braincase 


Dentary with teeth 


2 partial skeletons, braincase 


6 partial skeletons without 
skulls, hundreds of 
postcranial elements 


2 skeletons, 1 with skull, 3rd 
partial skeleton, isolated limb 
elements 


5 partial skeletons without 
skulls, isolated limb elements 
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Dyslocosaurus McIntosh, Coombs, et 
Russell, 1992 
D. polyonychius McIntosh, Coombs, et ?Lance Formation ?Maastrichtian Fragmentary limb elements 
Russell, 1992 (?Morrison Formation) (?Kimmeridgian- and pes 
(Wyoming), United States Tithonian) 
Seismosaurus Gillette, 1991 
S. halli Gillette, 1991 Morrison Formation (New Kimmeridgian- _ Pelvis, partial vertebral column 
Mexico), United States Tithonian 
Supersaurus Jensen, 1985b 
S. vivianae Jensen, 1985b (including Morrison Formation Kimmeridgian- _—_ Cervical vertebra, 
Ultrasauros macintoshi Jensen, 1985b (Colorado), United States Tithonian scapulocoracoid, ischium, 
partim) proximal caudal vertebra 
Tornieria Sternfeld, 1911 
T. africana (Fraas, 1908) (= Gigantosaurus Tendaguru Formation Kimmeridgian More than 3 partial skeletons, 
africanus Fraas, 1908; Barosaurus africanus (Mtwara), Tanzania a few skull elements, many 
Janensch, 1922) isolated postcranial elements 
Diplodocoidea incertae sedis 
Amphicoelias Cope, 1877d 
A. altus Cope, 1877d (including Morrison Formation Kimmeridgian- _ Partial skull and skeleton, 
A. fragillimus Cope, 1878c) (Colorado), United States Tithonian dorsal vertebrae, pubis, femur 
Cetiosauriscus Huene, 1927 
C. stewarti Charig, 1980 (= Cetiosaurus Lower Oxford Clay Callovian Rear half of skeleton 
leedsi Woodward, 1905) (Cambridgeshire), England 
Dinheirosaurus Bonaparte et Mateus, 1999 
D. lourinhanensis Bonaparte et Mateus, Camadas de Alcobaga Kimmeridgian 2 cervicals, 9 dorsals, ribs, 
1999 Formation (Lisbon), limb elements 
Portugal 
Losillasaurus Casanovas, Santafé, et Sanz, 
2001 
L. giganteus Casanovas,Santafé, et Sanz, Unnamed unit (Valencia), Late Jurassic- Partial skull and skeleton 
2001 Spain Early 
Cretaceous 


Unnamed diplodocoidean 
(= “Cetiosaurus” glymptonensis 
Phillips, 1871) 

Macronaria Wilson et Sereno, 1998 

Atlasaurus Monbaron, Russell, et Taquet, 
1999 
A. imelakei Monbaron, Russell, et Taquet, 

1999 

Bellusaurus Dong, 1990a 

B. sui Dong, 1990a 


Jobaria Sereno, Beck, Dutheil, Larsson, 
Lyon, Moussa, Sadleir, Sidor, Varricchio, 
Wilson, et Wilson, 1999 
J. tiguidensis Sereno, Beck, Dutheil, 

Larsson, Lyon, Moussa, Sadleir, Sidor, 
Varricchio, Wilson, et Wilson, 1999 


Macronaria incertae sedis 
Abrosaurus Ouyang, 1989 
A. dongpoi Ouyang, 1989 


Forest Marble Formation 
(Oxfordshire), England 


Guettioua Sandstone 
(Beni Mallal), Morocco 


Wucaiwan Formation 
(Xinjiang Uygur Zizhiqu), 
People’s Republic of China 


Tiourarén Formation 
(Agadez), Farak Formation 
(Tahoua), Niger 


Lower Shaximiao Formation 
(Sichuan), People’s 
Republic of China 


late Bathonian 


late Bathonian 


Middle Jurassic 


Hauterivian- 
Barremian, 
?late Albian- 
early 
Cenomanian 


Bathonian- 
Callovian 


Caudal vertebrae 


Skull and skeleton 


17 partial skeletons, juvenile 


Skull, several skeletons 


Skull 
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Camarasauromorpha Salgado, Coria, et Calvo, 
1997a 
Camarasauridae Cope, 1877d 
Camarasaurus Cope, 1877c (= Caulodon 
Cope, 1877c; Morosaurus Marsh, 1878a; 
Uintasaurus Holland, 1919; Cathetosaurus 
Jensen, 1988; ?Eobrontosaurus Bakker, 1998b) 
C. supremus Cope, 1877c (including Morrison Formation Kimmeridgian- _At least 5 partial skeletons, 
C. leptodirus Cope, 1879; Amphicoelias (Wyoming), Morrison Tithonian including braincase and jaws 
latus Cope, 1877d; Caulodon diversidens Formation (Colorado), 
Cope, 1877c; Caulodon leptoganus Cope, Morrison Formation (New 
1878d) Mexico), United States 
C. grandis (Marsh, 1877b) (= Apatosaurus Morrison Formation Kimmeridgian- _At least 6 partial skeletons, 
grandis Marsh, 1877b, including (Wyoming), Morrison Tithonian including 2 skulls, hundreds 
Morosaurus impar Marsh, 1878a; Formation (Colorado), of postcranial elements 
M. robustus Marsh, 1878b; Pleurocoelus Morrison Formation 
montanus Marsh, 1896) (Montana), United States 
C. lentus (Marsh, 1889a) (= Morosaurus Morrison Formation Kimmeridgian- 5 skeletons with skulls, 
lentus Marsh, 1889a, including C. annae (Wyoming), Morrison Tithonian hundreds of postcranial 
Ellinger, 1950; Uintasaurus douglassi Formation (Utah), elements 
Holland, 1919) United States 
C. lewisi (Jensen, 1988) (= Cathetosaurus Morrison Formation Kimmeridgian- Nearly complete postcranial 
lewisi Jensen, 1988) (Colorado), United States Tithonian skeleton 
Haplocanthosaurus Hatcher, 1903b 
(= Haplocanthus Hatcher, 1903a) 
H. priscus (Hatcher, 1903a) (= Haplocanthus Morrison Formation Kimmeridgian- 2 partial skeletons lacking 
priscus Hatcher, 1903a, including (Colorado), Morrison Tithonian skulls 
Haplocanthosaurus utterbacki Hatcher, Formation (Wyoming), 
1903a) United States 
H. delfsi McIntosh et Williams, 1988 Morrison Formation Kimmeridgian- _ Partial skeleton without skull 
(Colorado), United States Tithonian 
Titanosauriformes Salgado, Coria, et Calvo, 
1997a 
Lapparentosaurus Bonaparte, 1986b 
L. madagascariensis Isalo III Formation Bathonian More than 4 partial skeletons 
Bonaparte, 1986b (Majunga), Madagascar lacking skulls, teeth 
Ornithopsis Seeley, 1870 
O. hulkei Seeley, 1870 Wessex Formation (Isle of Barremian 2 dorsal vertebrae 
Wight), England 
Pelorosaurus Mantell, 1850 
P. conybearei Mantell, 1850 Hastings Beds (West Valanginian Humerus, 4 caudal vertebrae 
Sussex), England 
Pleurocoelus Marsh, 1888b 
P. nanus Marsh, 1888b Arundel Clay (Maryland), middle Aptian- _—_ Isolated remains of more than 
Paluxy Formation, Glen early Albian 6 individuals, including skull 


P. altus Marsh, 1888b 


Unnamed titanosauriform (= “Texas 
Pleurocoelus” Langston, 1974) 


Rose Formation, Paluxy 
Formation (Texas), 
United States 
Arundel Clay 
(Maryland), United States 
Paluxy Formation, Glen 
Rose Formation (Texas), 
United States 


middle-late 
Aptian 
Aptian 


elements 


Tibia, fibula 


Partial postcranial skeleton, 
isolated fragmentary remains 


TABLE 13.1 (CONTINUED) 


Occurrence Age Material 
Brachiosauridae Riggs, 1904 
Brachiosaurus Riggs, 1903a (= Giraffatitan 
Paul, 1988c) 
B. altithorax Riggs, 1903a (= Giraffatitan Morrison Formation Kimmeridgian- _ Partial skeletons from 2 
altithorax Paul, 1988c) (Colorado), Morrison Tithonian individuals 
Formation (Utah), 
United States 
B. brancai Janensch, 1914 (including Tendaguru Formation Kimmeridgian 5 partial skeletons, more than 
B. fraasi Janensch, 1914) (Mtwara), Tanzania 3 skulls, isolated limb 
elements 
Cedarosaurus Tidwell, Carpenter, et 
Brooks, 1999 
C. weiskopfae Tidwell, Carpenter, et Lower Cedar Mountain Barremian Postcranial skeleton 
Brooks, 1999 Formation (Utah), 
United States 
Dystylosaurus Jensen, 1985b 
D. edwini Jensen, 1985b Morrison Formation Kimmeridgian- _—_ Dorsal vertebra 
(Colorado), United States Tithonian 


Sauroposeidon Wedel, Cifelli, et Sanders, 
2000 
S. proteles Wedel, Cifelli, et Sanders, 2000 


Unnamed brachiosaurid (= “Cetiosaurus” 
humerocristatus Hulke, 1874a) 
Unnamed brachiosaurid 
(= “Brachiosaurus” atalaiensis 
Lapparent et Zbyszewski, 1957) 


Unnamed brachiosaurid (= “Brachiosaurus” 
nougaredi Lapparent, 1960a) 
Titanosauria Bonaparte and Coria, 1993 
Aegyptosaurus Stromer, 1932 
A. baharijensis Stromer, 1932 


Agustinia Bonaparte, 1999b 
A. ligabuei Bonaparte, 1999b 


Andesaurus Calvo et Bonaparte, 1991 
A. delgadoi Calvo et Bonaparte, 1991 


Argentinosaurus Bonaparte et Coria, 1993 
A. huinculensis Bonaparte et Coria, 1993 


Argyrosaurus Lydekker, 1893a 
A. superbus Lydekker, 1893a 


Austrosaurus Longman, 1933 
A. mckillopi Longman, 1933 


Antlers Formation 
(Oklahoma), United States 
Kimmeridge Clay 
(Dorset), England 
Unidade Bombarral 
(Leiria), unnamed unit, 
Camadas de Alcobag¢a, 
Unidade Amoreire-Porto 
Novo, Unidade Bombarral 
(Lisbon), Portugal 
“Continental intercalaire” 
(Wargla), Algeria 


Baharija Formation (Marsa 
Matruh), Egypt 


Lohan Cura Formation 
(Neuquén), Argentina 


Rio Limay Formation 
(Neuquén), Argentina 


Rio Limay Formation 
(Neuquén), Argentina 


Castillo Formation, Bajo 
Barreal Formation, Laguna 
Palacios Formation 
(Chubut), unnamed unit 
(Santa Cruz), Argentina 


Allaru Formation 
(Queensland), Australia 


Aptian-Albian 
Kimmeridgian 


late 
Kimmeridgian- 
Tithonian 


Albian 


early 
Cenomanian 


late Aptian- 
early Albian 


Albian- 
Cenomanian, 
or 
Cenomanian- 
early Turonian 


Cenomanian- 
early Turonian, 
or Albian 
Cenomanian 


Campanian- 
Maastrichtian 


Albian 


4 cervical vertebrae 
Humerus 
Vertebrae, ischia, pubes, 


forelimb and hindlimb 
elements 


Sacrum, forelimb elements 


Partial postcranial skeleton 


Dorsal, sacral, and caudal 
neural arches, hindlimb 
elements, osteoderms 


Partial postcranial skeleton 


Partial postcranial skeleton 


Forelimb, manus, vertebrae 


Dorsal vertebrae, ?incomplete 
limb remains from several 
individuals 
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Chubutisaurus Corro, 1974 
C. insignis Corto, 1974 


Epachthosaurus Powell, 1990 
E. sciuttoi Powell, 1990 


Huabeisaurus Pang et Cheng, 2000 
H. allocotus Pang et Cheng, 2000 


Janenschia Wild, 1991 
J. robusta (Fraas, 1908) (= Gigantosaurus 
robustus Fraas, 1908) 


Phuwiangosaurus Martin, Buffetaut, 
et Suteethorn, 1994 
P. sirindhornae Martin, Buffetaut, et 
Suteethorn, 1994 
Tangvayosaurus Allain, Taquet, Battail, 
Dejax, Richir, Veran, Limon-Duparcmeur, 
Vacant, Mateus, Sayarath, Khenthavong, 
et Phouyavong, 1999 
T. hoffeti Allain, Taquet, Battail, Dejax, 
Richir, Veran, Limon-Duparcmeur, 
Vacant, Mateus, Sayarath, Khenthavong, 
et Phouyavong, 1999 
Venenosaurus Tidwell, Carpenter, et Meyer, 
2001 
V. dicrocei Tidwell, Carpenter, et Meyer, 
2001 


Lithostrotia nomen novum 


Aeolosaurus Powell, 1987 
A. rionegrinus Powell, 1987 


Alamosaurus Gilmore, 1922 
A. sanjuanensis Gilmore, 1922 


Ampelosaurus Le Loeuff, 1995 
A. atacis Le Loeuff, 1995 


Cerro Barcino Formation Albian 
(Chubut), Argentina 

Bajo Barreal Formation Campanian- 
(Chubut), Argentina Maastrichtian 

Huiquanpu Formation Late 
(Shanxi), Huiquanpu Cretaceous 
Formation (Hebei), 
People’s Republic of China 

Tendaguru Formation Kimmeridgian 
(Mtwara), Tanzania 

Sao Khua Formation (Khon Hauterivian- 
Kaen), Thailand Valanginian 


“Gres supérieurs” 
Formation (Khoueng), Laos 


Aptian-Albian 


Lower Cedar Mountain Berriasian- 
Formation (Utah), Hauterivian 
United States 

Angostura Colorada late 
Formation, Los Alamitos Campanian- 
Formation (Rio Negro), early 
Argentina Maastrichtian 

Lower Kirtland Formation, Maastrichtian 
Upper Kirtland Formation 
(New Mexico), North Horn 
Formation (Utah), Javelina 
Formation, El Picacho 
Formation, Black Peaks 
Formation (Texas), 

United States 

Grés de Labarre Formation early 

(Ariége), Marnes Rouges Maastrichtian 


Inférieures Formation (Aude), 
Gres de Saint-Chinian 
Formation (Hérault), France 


2 partial skeletons, including 
most limb elements and 
caudal vertebrae 


Vertebrae, partial ilium 


Teeth, postcranial skeleton 


3 hindlimbs, 2 forelimbs, 


manus, 2 dorsal vertebrae, 
caudal series 


Partial skeletons, juvenile- 


adult 


2 partial postcranial skeletons 


Partial postcranial skeleton 


Caudal vertebrae 


Partial postcranial skeleton, 
isolated postcranial remains 


Teeth, 3 articulated dorsal 
vertebrae, numerous 
postcranial elements, 
osteoderms from several 
individuals 


TABLE 13.1 (CONTINUED) 


Occurrence Age Material 
Antarctosaurus Huene, 1929b 
A. wichmannianus Huene, 1929b Castillo Formation, Bajo Campanian- Partial skeleton, including 
Barreal Formation, Laguna Maastrichtian braincase, mandible, and 


Gondwanatitan Kellner et de Azevedo, 1999 
G. faustoi Kellner et de Azevedo, 1999 


Jainosaurus Hunt, Lockley, Lucas, et Meyer, 
1994 
J. septentrionalis (Hunt, Lockley, Lucas, 
et Meyer, 1994) (= Antarctosaurus 
septentrionalis Huene et Matley, 1933) 
Jiangshanosaurus Tang, Kang, Jin, Wei, et 
Wu, 2001 
J. lixianensis Tang, Kang, Jin, Wei, et Wu, 
2001 


Laplatasaurus Huene, 1929a 
L. araukanicus Huene, 1929a 


Lirainosaurus Sanz, Powell, Le Loeuff, 
Martinez, et Pereda-Suberbiola, 1999 
L. astibiae Sanz, Powell, Le Loeuff, 

Martinez, et Pereda-Suberbiola, 1999 


Magyarosaurus Huene, 1932 
M. dacus (Nopcsa, 1915) (= Titanosaurus 
dacus Nopcsa, 1915, ?including 
M. transsylvanicus Huene, 1932; 
M. hungaricus Huene, 1932) 
Malawisaurus Jacobs, Winkler, Downs, et 
Gomani, 1993 
M. dixeyi (Haughton, 1928) 
(= Gigantosaurus dixeyi Haughton, 1928) 


Paralititan Smith, Lamanna, Lacovara, 
Dodson, Smith, Poole, Giegengack, et Attia, 
2001 
P. stromeri Smith, Lamanna, Lacovara, 

Dodson, Smith, Poole, Giegengack, et 
Attia, 2001 

Pellegrinisaurus Salgado, 1996 

P. powelli Salgado, 1996 


Palacios Formation 
(Chubut), Rio Colorado 
Formation (Rio Negro), 
Rio Neuquén Formation, 
Rio Colorado Formation 
(Neuquén), Argentina; 
Asencio Formation 
(Palmitas), Uruguay; 
Vinita Formation 
(Coquimbo), Chile 


Bauru Group (Sao Paulo), 
Brazil 


Lameta Formation (Madhya 
Pradesh), India 


Jinhua Formation 
(Zhejiang), People’s 
Republic of China 


Castillo Formation, Bajo 
Barreal Formation, Laguna 
Palacios Formation 
(Chubut), Allen Formation 
(Rio Negro), Los Blanquitos 
Formation (Salta), 
Argentina; Asencio 
Formation (Palmitas), 
Uruguay 


Unit S3U1 (Burgos), Spain 


Sanpetru Formation, 


Densus Ciula Formation 
(Hunedoara), Romania 


Dinosaur Beds (Northern 
Province), Malawi 


Baharija Formation (Marsa 
Matruh), Egypt 


Allen Formation (Rio 
Negro), Argentina 


Late Cretaceous 


middle-late 
Maastrichtian 


Albian 


Campanian- 
Maastrichtian 


late 
Campanian 


late 
Maastrichtian 


Aptian 


early 
Cenomanian 


middle 
Campanian 


most of the limbs, many other 
specimens of questionable 
referral 


Partial postcranial skeleton 


Basicranium and partial 
postcranial 
skeleton 


Partial postcranial skeleton 


Caudal series, isolated limb 
elements 


Isolated teeth, fragment of 
braincase, numerous 
vertebrae and limb elements 
from several individuals 


Isolated postcranial material, 
including osteoderms, of at 
least 12 individuals 


Skull elements, teeth, 
vertebrae, limb elements, 
osteoderms, of several 
individuals 


Partial postcranial skeleton 


Dorsal and caudal vertebrae, 
partial femur 


(continued) 


TABLE I3.I (CONTINUED) 


Occurrence Age Material 
Rapetosaurus Curry Rogers et Forster, 2001 
R. krausei Curry Rogers et Forster, 2001 Maevarano Formation Campanian 3 skulls, at least 1 postcranial 
(Majunga), Madagascar skeleton 
Rocasaurus Salgado et Azpilicueta, 2000 
R. muniozi Salgado et Azpilicueta, 2000 Allen Formation (Rio middle Partial postcranial skeleton 
Negro), Argentina Campanian 


Titanosaurus Lydekker, 1877 
T. indicus Lydekker, 1877 


T. blanfordi Lydekker, 1879 


Unnamed lithostrotian (= “Titanosaurus” 
colberti Jain et Bandyopadhyay, 1997 
Saltasauridae Bonaparte et Powell, 1980 
Saltasaurus Bonaparte et Powell, 1980 
(= Microcoelus Lydekker, 1893a; 
?Loricosaurus Huene, 1929a) 
S. loricatus Bonaparte et Powell, 1980 


S. robustus (Huene, 1929a) (= Titanosaurus 
robustus Huene, 1929a) 


Neuquenosaurus Powell, 1992 
N. australis (Lydekker, 1893a) 
(= Titanosaurus australis Lydekker, 1893a, 
including Titanosaurus nanus Lydekker, 
1893a; Microcoelus patagonicus Lydekker, 
1893a; ?Loricosaurus scutatus Huene, 
1929a) 
Opisthocoelicaudia Borsuk-Bialynicka, 1977 
O. skarzynskii Borsuk-Bialynicka, 1977 


Lameta Formation (Madhya 
Pradesh), Lameta 
Formation (Maharashtra), 
Kallankurdichi Formation 
(Tamil Nadu), India 

Lameta Formation (Madhya 
Pradesh), Lameta 
Formation (Maharashtra), 
India 

Lameta Formation 
(Maharashtra), India 


Lecho Formation (Salta), 
Argentina 


Rio Colorado Formation 
or Allen Formation 
(Rio Negro), Argentina 


Rio Colorado Formation 
(Neuquén), Rio Colorado 
Formation (Rio Negro), 
Argentina; Asencio 
Formation (Palmitas), 


Uruguay 


Nemegt Formation 
(Omnégov’), Mongolia 


middle-late 
Maastrichtian 


middle-late 
Maastrichtian 


middle-late 
Maastrichtian 


Plate 
Campanian- 
Maastrichtian 

Santonian- 
middle 
Campanian 


Coniacian- 
Santonian, or 
Santonian- 
early 
Campanian 


early 
Maastrichtian 


Isolated postcranial material 


Caudal vertebrae 


Partial skeleton 


Partial skeletons of 
approximately 6 individuals, 
including jaws and armor 

Vertebrae and limb elements 
of approximately 
3 individuals 


Vertebrae and limb elements of 
at least 10 individuals, skull 
elements 


Skeleton lacking skull and 
cervical series 


Nomina dubia 


Material 


Acanthopholis platypus Seeley, 1869 partim 
Aepysaurus elephantinus Gervais, 1853 
Algoasaurus bauri Broom, 1904 
Antarctosaurus brasiliensis Arid et Vizotto, 1971 
Antarctosaurus giganteus Huene, 1929b 
Antarctosaurus jaxartensis Riabinin, 1939 
Asiatosaurus kwangshiensis Hou, Yeh, et Zhao, 1975 
Asiatosaurus mongoliensis Osborn, 1924c 
Astrodon johnstoni Leidy, 1865 
Bothriospondylus elongatus Owen, 1875 
Bothriospondylus magnus Owen, 1875 
Bothriospondylus madagascariensis Lydekker, 1895 
Bothriospondylus robustus Owen, 1875 
Bothriospondylus suffosus Owen, 1875 
Bruhathkayosaurus matleyi Yadagiri et Ayyasami, 1987 
Campylodon ameghinoi Huene, 1929 

(type of Campylodoniscus Kuhn, 1961) 
Cetiosaurus brevis Owen, 1842b partim 


Metatarsals I-V 


Humerus 


Dorsal vertebra, femur, ungual 
Postcranial remains 
2 femora, pubis 


Femur 
Teeth 

2 teeth 
Tooth 
Vertebra 
Vertebra 


Isolated vertebrae, limb elements of at least 10 individuals 
Dorsal vertebra 

7 dorsal and sacral centra 
Pelvis, tibia, femur 
Maxilla with teeth 


Caudal vertebrae 


TABLE 13.1 (CONTINUED) 


Nomina dubia 


Material 


Cetiosaurus longus Owen, 1842b 
Cetiosaurus medius Owen, 1842b 
Cetiosaurus mogrebiensis Lapparent, 1955 
Chiayusaurus asianensis Lee, Yang, et Park, 1997 
Chiayusaurus lacustris Bohlin, 1953 
Chinshakiangosaurus chunghoensis Dong, 1992 
Chondrosteosaurus gigas Owen, 1876b 
Clasmodosaurus spatula Ameghino, 1899b 
Dinodocus mackesoni Owen, 1884 
Eucamerotus foxi Blows, 1995 
Gigantosaurus megalonyx Seeley, 1869 
Histriasaurus boscarollii Dalla Vecchia, 1998a 
Hypselosaurus priscus Matheron, 1869 
Iguanodon praecursor Sauvage, 1876b 
Ischyrosaurus manseli Hulke vide Lydekker, 1888a 
Kunmingosaurus wudingensis Dong, 1992 
Macrurosaurus semnus Seeley, 1869 
Mongolosaurus haplodon Gilmore, 1933b 
Morinosaurus typus Sauvage, 1874 
Nemegtosaurus pachi Dong, 1977 
Neosodon (no species name given) Moussaye, 1885 
Omeisaurus changshouensis Young, 1958a 
Omeisaurus fuxiensis Dong, Zhou, et Zhang, 1983 
Omeisaurus luoquanensis Li, 1988 
Ornithopsis eucamerotus Hulke, 1882a 
Ornithopsis greppini Huene, 1922 
Ornithopsis leedsi Hulke, 1887 
Pelorosaurus becklesii Mantell, 1852 
Pleurocoelus valdensis Lydekker, 1889c 
Protognathosaurus oxyodon Zhang, 1988 
Pukyongosaurus millenniumi Dong, Paik, et Kim, 2001 
Qinlingosaurus luonanensis Xue, Zhang, et Bi, 1996 
Sanpasaurus yaoi Young, 1944 partim 
Sonorasaurus thompsoni Ratkevich, 1998 
Tienshanosaurus chitaiensis Young, 1937 
Titanosaurus falloti Hoffet, 1942 
Titanosaurus lydekkeri Huene, 1929b 
Titanosaurus madagascariensis Depéret, 1896 
Titanosaurus montanus Marsh, 1877a 

(type of Atlantosaurus Marsh, 1877b) 
Titanosaurus rahioliensis Mathur et Srivastava, 1987 
Titanosaurus valdensis Huene, 1929b 

(type of Juticosaurus Le Loeuff, 1993) 
Ultrasaurus tabriensis Kim, 1983 
Zizhongosaurus chuanchengensis Dong, Zhou, et Zhang, 1983 


Caudal vertebrae 

11 caudal centra 

Numerous fragments from several individuals 
Tooth 

Tooth 

Mandible 

Several cervical vertebrae 

Teeth 

Complete and partial limb elements 

Dorsal vertebra 

Unassociated sacral vertebra, radius, fibula, tibia 
Vertebrae 

Isolated postcranial remains of at least 10 individuals 
Teeth 

Humerus 

Partial skeleton 

Isolated postcranial elements 

Teeth 

Teeth 

Teeth 

Teeth 

Partial skeleton 

Basioccipital, maxillae, and mandibles 

Partial skeleton 

Ischia and pubis 

Fragmentary postcranial skeletons 

Caudal vertebrae, pelvis 

Forelimb, epidermal impressions 

Vertebrae and teeth 

Dentary 

Cervical and dorsal vertebrae, ribs, limb and girdle elements 
Vertebrae, ilium, partial ischium 

Isolated postcranial elements 

Fragmentary postcranial remains 

Partial postcranial skeleton 

Caudal vertebrae, femur 

Caudal vertebra 

2 caudal vertebrae, scute 

Sacral centra 


Teeth 
Several caudal vertebrae 


Fragmentary humerus, vertebra 
Neural spine, fragmentary humerus and pubis 


Cetiosaurus had been a gigantic, quadrupedal, terrestrial, herbiv- 
orous dinosaur. 

Many more discoveries made between 1870 and 1890 
prompted progress in interpreting sauropod anatomy. In En- 
gland, Owen (1875, 1878), Seeley (1869, 1870, 1876, 1889), Hulke 
(1869, 1870, 1872, 1874a, 1879, 1880a, 1882a, 1887), and Ly- 
dekker (1888a, b, 1890e) each produced a series of papers, based 
largely on isolated bones, describing the intricate construction 
of the highly specialized presacral vertebrae and noting other 
peculiar features of sauropod anatomy. The year 1877 marked 
the beginning of a period of intensive prospecting and spectac- 
ular discoveries in the western United States, from the Upper 
Jurassic Morrison Formation. The following decade witnessed 
the recovery of a huge amount of sauropod and other fossil ver- 


tebrate material, some of it articulated. Collecting parties were 
sent to Como Bluff, Wyoming, and Morrison and Garden Park, 
Colorado, by O. C. Marshand E. D. Cope (Ostrom and McIntosh 
1966). An intense rivalry for priority often resulted in brief, in- 
adequately illustrated descriptions of new taxa; in many cases 
these were based on material the greater portions of which had 
yet to be exhumed. The result was a plethora of inadequately 
based taxa whose synonymies are only now being resolved 
(e.g., Berman and McIntosh 1978; McIntosh 1990b). Neverthe- 
less, Marsh’s papers were to establish firmly the identity of a 
group that he first described as a new order of reptiles, Sauro- 
poda (Marsh 1878a). Among his major contributions, Marsh 
was the first to describe a partial sauropod skull (Marsh 1879a), 
that of his Morosaurus, and five years later he provided the first 
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description of a complete skull, that of Diplodocus (Marsh 1884c). 
He also published, in 1883, the first skeletal reconstruction of 
a sauropod, that of Apatosaurus (= Brontosaurus). Three well- 
established sauropod genera were to emerge from the Marsh- 
Cope years: Camarasaurus, Apatosaurus, and Diplodocus. 

The first discoveries of sauropod material outside of Europe 
and North America came from the 1860s onward. Indian sauro- 
pods were first discovered in the late 1860s (Falconer 1868), and 
Titanosaurus from the latest Cretaceous Lameta Formation rep- 
resents the first sauropod named from the subcontinent (Ly- 
dekker 1877). The years 1890-1910 were marked by the discovery 
of sauropods in South America, Africa, and Madagascar. Ly- 
dekker (1893a) described and figured a large collection from the 
Late Cretaceous of Argentina, which he referred, along with 
the vertebrae from India that he had described previously, to 
Titanosauridae. Remains from the Middle Jurassic of Madagascar, 
Bothriospondylus madagascariensis (considered a nomen dubium 
here), were reported at this time (Lydekker 1895; Depéret 1896; 
Thévenin 1907). 

Beginning in 1897, parties from the American Museum of 
Natural History (New York) excavated a partial Diplodocus skele- 
ton from Como Bluff (Osborn 1899b) that helped correct several 
misconceptions concerning that animal. A year later, the Amer- 
ican Museum of Natural History opened the nearby Bone Cabin 
Quarry, and over the next eight years it extracted from it the sec- 
ond largest number of sauropod elements to be yielded by any 
North American site. A skeleton of Apatosaurus from a neigh- 
boring quarry was to become the first permanent mount of a 
sauropod skeleton (Matthew 1905). The year 1899 saw the first 
of many Carnegie Museum of Natural History (Pittsburgh) ex- 
peditions to Wyoming, Colorado, and Utah; the superb series 
of specimens collected by them resulted in the classic memoirs 
on Diplodocus (Hatcher 1901), Haplocanthosaurus (Hatcher 1903a, 
1903b, 1903c), and Apatosaurus (Hatcher 1902). The first two of 
these monographs contained almost complete descriptions of 
the all-important vertebral columns, and the third included 
the first description of a complete articulated sauropod manus. 
The Carnegie Museum efforts culminated in 1909 with the dis- 
covery of the greatest of all sauropod quarries, that of Dinosaur 
National Monument, Utah, by Earl Douglass. This quarry was 
worked until 1923 by the Carnegie Museum and afterward by 
the Smithsonian Institution and the University of Utah. Today 
the site continues to be worked under the auspices of the U.S. 
National Parks Service. This quarry has yielded a large number 
of sauropod skulls, nine of which are more or less complete, with 
five pertaining to Camarasaurus, three to Diplodocus, and one to 
Apatosaurus. The quarry also yielded five skeletons that are now 
mounted in Pittsburgh (Apatosaurus and Camarasaurus), Wash- 
ington, D.C. (Camarasaurus and Diplodocus), and Denver (Diplo- 
docus). Several other skeletons that are complete enough to 
mount remain in the quarry, the most important of which is 
referable to the rare Barosaurus. Several other significant discov- 
eries were made in western North America at this time. Parties 
from the Field Museum of Natural History (Chicago) under the 
leadership of Elmer Riggs exhumed Brachiosaurus (Riggs 1903a, 
1904) and Apatosaurus (Riggs 1903b) from the area around 
Grand Junction, Colorado. 

E. Fraas (1908) described several new taxa collected by a Ger- 
man expedition to East Africa, in what is now Tanzania. The dis- 
coveries, from the Upper Jurassic Tendaguru Formation, included 
Tornieria and Janenschia. A continuation of these collecting ef- 
forts in Tanzania, under W. Janensch, resulted in the accumula- 
tion of an enormous collection of sauropod material, most of 
which is now housed in the Humboldt Museum fiir Naturkunde 
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in Berlin. Janensch produced a series of detailed studies of this 
material (Janensch 1914, 1922, 1929a, 1929b, 1929c, 1935-36, 
1939, 1947, 1950a, 1950b, 1961), which also included Brachio- 
saurus brancai and Dicraeosaurus. Some additional material was 
collected from Tendaguru by an expedition from the British Mu- 
seum of Natural History under the leadership of F. W. H. Migeod 
and F. R. Parrington. The Tendaguru fauna, along with those 
from the Morrison Formation of North America and the Lower 
and Upper Shaximiao formations of China, represent the best- 
known sauropod faunas. 

The 1920s and 1930s were notable chiefly for the publication 
of memoirs on Camarasaurus, including the first description of 
an essentially complete sauropod skeleton (Osborn and Mook 
1921; Gilmore 1925a), and on Apatosaurus (Gilmore 1936). More 
attention was given to non-North American material, with the 
production of monographs on the Chinese genus Euhelopus 
(Wiman 1929) and on South American (Huene 1929b) and In- 
dian (Huene and Matley 1933) titanosaurians. Other notable 
events of this era included the mounting of the Berlin Brachio- 
saurus skeleton (Janensch 1950b) and the excavation of the Howe 
Quarry, near Shell, Wyoming, by Barnum Brown, the material 
from which is still undescribed. 

Since World War II there have been a large number of impor- 
tant discoveries of sauropod material in the People’s Republic 
of China. In a series of papers, Young (1935a, 1937, 1939, 1944, 
1948c, 1954, 1958b; Young and Chao 1972) reported partial 
skeletons of new genera from the Middle and Late Jurassic of 
Sichuan and Xinjiang provinces, the most complete of which 
was the disproportionately long-necked Late Jurassic Mamenchi- 
saurus (Young and Chao 1972). More recently, a number of al- 
most complete sauropod skeletons with skulls were discovered 
in Dashanpu, near Zigong, in Sichuan Province. Taxa from the 
Dashanpu Quarry include Shunosaurus and Datousaurus, both of 
which are from the Middle Jurassic Lower Shaximiao Formation 
(Dong et al. 1983; Dong and Tang 1984; Zhang 1988). Several 
species of Omeisaurus have been named from the Upper Jurassic 
Upper Shaximiao Formation (Dong et al. 1983; He et al. 1984; Li 
and Cai 1997). At present only fragmentary material is known 
from the Lower Jurassic and Lower Cretaceous deposits of China, 
but sauropod discoveries continue to be made at an astounding 
rate (Dong 1990a; Zhao 1993; He et al. 1998; Barrett 1999; Pang 
and Cheng 2000). A great deal of work remains to be done on 
this material, but its abundance, the large number of partial and 
complete skeletons, and the diversity of taxa in the People’s Re- 
public of China are of immense importance and are fueling sev- 
eral intense phylogenetic debates (Upchurch 1995, 1998; Wilson 
and Sereno 1998). Adjacent areas of Asia are also providing sauro- 
pod material. Skulls of the diplodocoid sauropods Nemegtosaurus 
and Quaesitosaurus (Nowinski 1971; Kurzanov and Bannikov 
1983), as well as a partial skeleton of Opisthocoelicaudia (Borsuk- 
Bialynicka 1977), a lithostrotian (Gimenez 1992; Upchurch 
1995, 1998), are known from the Upper Cretaceous deposits of 
the Gobi. Recent work in Thailand has revealed an Early Creta- 
ceous dinosaur fauna dominated by the titanosaurian Phuwiango- 
saurus, which is now known from hundreds of elements, in- 
cluding those of juveniles (Martin et al. 1994, 1999). 

Argentina has yielded a great deal of sauropod material, 
primarily from Middle Jurassic and Upper Cretaceous deposits 
(summarized in Bonaparte 1996b). The best-known Middle Juras- 
sic genus is the basal eusauropod Patagosaurus, which is repre- 
sented by numerous postcranial and rare cranial elements (Bona- 
parte 1986a). Late Cretaceous sauropod faunas are dominated 
by titanosaurians, the best known of which include Saltasaurus 
(Powell 1992). Several other titanosaur genera from Argentina 


have been named, but the taxonomy of many of these forms 
(e.g., Antarctosaurus, Titanosaurus) is confused and requires ex- 
tensive revision. The past ten years have seen a proliferation of 
new sauropod taxa from this region, including the diplodocoids 
Rayososaurus (Calvo and Salgado 1995) and Amargasaurus (Sal- 
gado and Bonaparte 1991) and the titanosaurians Andesaurus 
(Calvo and Bonaparte 1991) and Argentinosaurus (Bonaparte and 
Coria 1993), all of which are based on much better material. The 
first-known sauropod embryos associated with eggshell, prob- 
ably referable to Lithostrotia, have recently been reported from 
this region (Chiappe et al. 1998b, 2001a, 2001b). L. I. Price col- 
lected a great deal of titanosaur material from the Late Creta- 
ceous of Brazil, but this has yet to be described in full (but see 
Powell 1987a; Kellner 1996b; Kellner and de Azevedo 1999). 
Increased exploration in Gondwana has led to the discovery 
and description of many new sauropod taxa not only in South 
America but also in India (e.g., Barapasaurus [Jain et al. 1975, 
1979]}), Africa (e.g., Vulcanodon [Raath 1972; Cooper 1984]) and 
Madagascar. The Early Cretaceous of Niger has yielded two new 
sauropod taxa, a basal macronarian (Jobaria) and a diplodocoid 
(Nigersaurus), each of which is represented by cranial and post- 
cranial elements (Sereno et al. 1999). New titanosaurian material, 
including partial skulls, has been recovered from the Early Cre- 
taceous of Malawi (Jacobs et al. 1993; Gomani 1999) and the Late 
Cretaceous of Madagascar (Curry and Forster 1999; Curry Rogers 
and Forster 2001). The eusauropod Atlasaurus was recently de- 
scribed from the Middle Jurassic of Morocco (Monbaron et al. 
1999). An associated lithostrotian postcranial skeleton has been 
reported from the Late Cretaceous of India (Jain and Bandyo- 
padhyay 1997). Discoveries also continue to be made in Europe, 
including new taxa in Spain (Lirainosaurus [Sanz et al. 1999]) 
and southern France (Ampelosaurus [Le Loeuff 1995]). Recently, 
North America has also yielded new taxa, such as Sauroposeidon 
(Wedel et al. 2000) and Cedarosaurus (Tidwell et al. 1999). 


Anatomy 


The following is based on prior studies of sauropod osteology 
(McIntosh 1990a, 1990b; Upchurch 1994a, 1994b, 1995, 1998, 
1999; Calvo and Salgado 1995; Salgado and Calvo 1997; Salgado 
et al. 1997a; Wilson and Sereno 1998; Wilson 1999; Wedel et al. 
2000; Curry Rogers and Forster 2001). 


Skull and Mandible 


Virtually complete skulls and mandibles are known for Cama- 
rasaurus (Gilmore 1925a; Madsen et al. 1995), Diplodocus (Hol- 
land 1924a; McIntosh and Berman 1975), Apatosaurus (Berman 
and McIntosh 1978; Connely and Hawley 1998), Brachiosaurus 
(Janensch 1935-36), Nemegtosaurus (Nowinski 1971), Shuno- 
saurus (Dong et al. 1983; Zhang 1988; Zheng 1991), Abrosaurus 
(Ouyang 1989), and Jobaria (Sereno et al. 1999). Partial skulls 
have been described for Dicraeosaurus (Janensch 1935-36), Euh- 
elopus (Wiman 1929; Mateer and McIntosh 1985), Omeisaurus 
(He et al. 1988), Mamenchisaurus (Russell and Zheng 1993), 
Quaesitosaurus (Kurzanov and Bannikov 1983), Atlasaurus (Mon- 
baron et al. 1999), and Rapetosaurus (Curry Rogers and Forster 
2001). More fragmentary skulls, often consisting of braincases 
and/or associated jaw elements, are known from Datousaurus 
(Dong and Tang 1984; Cao and You 2000), Antarctosaurus (Huene 
1929b; Huene and Matley 1933; Berman and Jain 1982; Chat- 
terjee and Rudra 1996), Amargasaurus (Salgado and Bonaparte 


1991; Salgado and Calvo 1992), Malawisaurus (Jacobs et al. 
1993), Tornieria (Sternfeld 1911; Janensch 1935-36), and Niger- 
saurus (Sereno et al. 1999). Several other taxa have either a few 
isolated skull elements preserved (e.g., Patagosaurus [Bonaparte 
1986a], Phuwiangosaurus [Buffetaut and Suteethorn 1999]) or 
currently lack cranial material, with the possible exception of a 
few isolated teeth. Many phylogenetically important genera fall 
into the latter category, including Haplocanthosaurus, Barosaurus 
lentus, Opisthocoelicaudia, Cetiosaurus, Vulcanodon, Barapasaurus, 
Alamosaurus, and most of the other titanosaurians. Unless stated 
to the contrary, the information presented below is derived 
from the sources mentioned above or from personal observation 
of the material. 

Traditionally, sauropod skulls have been placed in two cate- 
gories: the long-snouted, low, horselike skulls of diplodocoids 
and the short-snouted, high, domed skulls found in all other 
sauropods (fig. 13.2). Although our knowledge of basal sauro- 
pod skulls remains poor, consideration of Shunosaurus and 
Omeisaurus indicates that the primitive condition was morpho- 
logically intermediate between these two skull types. At least 
some derived titanosaurians possessed skulls that had conver- 
gently acquired many diplodocoid-like features (Salgado and 
Calvo 1997; Upchurch 1998, 1999; Wilson and Sereno 1998; 
Curry Rogers and Forster 2001). In general terms, the most strik- 
ing features of the sauropod skull (fig. 13.2) include the enlarged 
and retracted external nares (although narial retraction is not 
particularly marked in Shunosaurus); the abbreviated skull roof; 
a broad, rounded snout; the rostral extension of the infra- 
temporal fenestra ventral to the orbit, giving the latter a charac- 
teristic teardrop shape; and the small antorbital fenestra. There 
is usually a short, muzzlelike area rostral to the external nares, 
but this has become greatly enlarged in Brachiosaurus and has 
been obliterated by extreme narial retraction in diplodocoids. 

Eusauropods retain the enlarged external naris that is 
characteristic of all sauropodomorphs (Galton and Upchurch, 
this vol.; Wilson and Sereno 1998). Further enlargement of the 
external naris occurs in Camarasaurus, in Brachiosaurus (fig. 
13.2), and possibly in other macronarians such that the diame- 
ter of this opening is approximately equal to that of the orbit. In 
most eusauropods the external naris is positioned rostrodorsal 
to the antorbital fenestra and faces laterally, but in Brachiosaurus 
it is more caudally situated. The extreme narial retraction in 
diplodocoids results in these openings lying rostrodorsal to the 
orbit. At least some members of Diplodocoidea (Diplodocus and 
probably Apatosaurus) lack an internarial bar. Eusauropods re- 
tain the subnarial foramen that is also present in a variety of 
other saurischians. In basal forms such as Shunosaurus, Omei- 
saurus, Euhelopus, and Patagosaurus this foramen is a small, sub- 
oval, laterally facing opening. In basal macronarians (i.e., Brachio- 
saurus and Camarasaurus) the foramen faces dorsally and lies 
within the external narial fossa. In diplodocoids this foramen is 
elongate and extends for a considerable distance along the con- 
tact between the premaxilla and the maxilla. The antorbital 
fenestra does not lie within an antorbital fossa. Unlike in pro- 
sauropods, the rostral and ventral margins do not possess either 
a lateral or a medial lamina. This opening is usually suboval in 
outline and tapers caudodorsally as a result of narial retraction 
and the concomitant caudodorsal orientation of the ascending 
process of the maxilla (Upchurch 1999). In Shunosaurus the 
rostrocaudal length of the supratemporal fenestra is greater 
than its transverse diameter; in all other sauropods the re- 
verse is true (Wilson and Sereno 1998). This opening faces dorso- 
laterally in most sauropods as a result of the ventral displace- 
ment of the upper temporal arch. In dicraeosaurids, Rayoso- 
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FIGURE 13.2. Skull and mandible in lateral view: A, Shunosaurus lii; B, Omeisaurus tianfuensis; C, Brachiosaurus brancai; D, Euhelopus zdanskyi; E, Ca- 
marasaurus lentus; F, Diplodocus longus; G, Apatosaurus louisae; H, Dicraeosaurus hansemanni; 1, Nemegtosaurus mongoliensis; J, Quaesitosaurus orientalis. 
Scale = 10 cm. (A, E, F, after McIntosh 1990a; B after He et al. 1984; C, H, after Janensch 1935-36; D after Mateer and McIntosh 1985; G after Berman 
and McIntosh 1978; I after Nowinski 1971; J after Kurzanov and Bannikov 1983.) 


saurus, and possibly Saltasaurus the supratemporal opening 
faces laterally. Diplodocoids and at least some titanosaurians 
(e.g., Saltasaurus) have convergently acquired small, slitlike 
supratemporal openings. In lateral view the infratemporal fen- 
estra is large and subtriangular in outline (fig. 13.2). The rostro- 
ventral corner of this opening projects beneath the orbit. In 
basal prosauropods and basal eusauropods the rostroventral 
corner of this opening lies below the midpoint of the orbit, 
whereas in neosauropods the infratemporal opening extends 
even farther rostrally (Upchurch 1994a, 1998). 

In most sauropods the premaxilla consists of a robust, tooth- 
bearing portion ventrally and a slender ascending process dor- 
sally. A sheet of bone termed the “lateral plate” arises from the 
ventrolateral margin of the premaxilla and extends ventrally, 
obscuring the basal portions of erupted tooth crowns in lateral 
view. The lateral plate is most prominent at the rostral end of the 
premaxilla and diminishes in dorsoventral depth caudally. The 
lateral surface of the tooth-bearing portion is pierced by several 
small neurovascular foramina, each of which is usually associ- 
ated with a shallow, ventrally directed groove. A short muzzle- 
like area is found rostral to the base of the ascending process. In 
Brachiosaurus this region is greatly elongated and the base of the 
ascending process is strongly displaced caudally relative to 
the rostral termination of the snout. Dorsally the lateral surface 
of the premaxilla becomes deflected caudomedially to form the 
rostral portion of the external narial fossa. As in all sauro- 
podomorphs, the ascending process is laterally compressed and 
curves caudodorsally. In macronarians, such as Camarasaurus, 
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Brachiosaurus, and Malawisaurus, the proximal half of the as- 
cending process is nearly vertical, although the distal half of 
the process curves caudodorsally. The ascending process tapers 
distally, and the distalmost portion articulates with the rostro- 
medial process of the nasal. The premaxillae of diplodocoids 
have been greatly modified as a result of extreme narial retrac- 
tion: there is no clear demarcation between the main premaxil- 
lary body and the ascending process; instead, the premaxilla is 
a rostrocaudally elongate element that extends from the rostral 
end of the snout to a point above the orbits. Diplodocoid pre- 
maxillae are transversely narrower than those of other sauro- 
pods, although they are still widest rostrally. In Diplodocus and 
probably Apatosaurus the distal end of the ascending process 
does not contact the rostromedial process of the nasal. 

The maxilla is the largest bone in the skull. There are two 
major parts: a robust, tooth-bearing quadrangular portion and 
a prominent dorsal process. There is a lateral plate on the max- 
illa. This decreases in prominence caudally and finally disappears 
at about the level of the most caudal alveolus. There are several 
vascular foramina, similar to those on the premaxilla. Rostrally 
the maxilla articulates with the premaxilla along a broad, flat 
contact. The caudal end of the maxilla articulates with the 
lacrimal and the jugal. In neosauropods the reduction of the 
jugal and the elongation of the rostral process of the quadrato- 
jugal permit the latter to contact the caudal end of the maxilla 
(fig. 13.2). This feature is derived, but its distribution among 
basal sauropods is problematic (Upchurch 1998; Wilson and 
Sereno 1998). Caudally the medial face of the maxilla bears two 


roughened depressions close to its dorsal edge. The rostral de- 
pression is for the reception of the palatine; the caudal depres- 
sion receives the maxillary process of the ectopterygoid. Ros- 
trally the medial surface of the maxilla articulates with the vomer. 
In basal sauropods and many macronarians a marked depression 
rostral to the base of the dorsal process forms the caudoventral 
portion of the external narial fossa. This depression is absent in 
diplodocoids because of modifications associated with extreme 
narial retraction. In neosauropods a narrow canal leads from the 
external narial fossa to the medial surface of the base of the dor- 
sal process. In Diplodocus, Apatosaurus, and Tornieria this canal is 
greatly enlarged and forms an additional antorbital fenestra. 
Immediately caudodorsal to the subnarial foramen the medial 
edge of the dorsal process gives rise to a sheetlike projection. In 
basal sauropods and macronarians this region forms part of the 
ventral and caudal walls of the external narial fossa. In diplodo- 
coids these sheetlike processes are obscured in lateral and dorsal 
views by the elongate premaxillae. The dorsal process projects 
caudodorsally and contacts the dorsal end of the lacrimal and 
the rostrolateral process of the nasal. 

The jugal is a small, crescentic bone composed of a sheet- 
like main body and upper and lower caudal processes. Rostrally the 
main body of the jugal abuts the rear end of the maxilla. In 
Diplodocus and Apatosaurus the main body of the jugal is ex- 
panded to form a substantial portion of the caudoventral mar- 
gin of the antorbital fenestra (Berman and McIntosh 1978). The 
rostrodorsal part of the main body articulates with the base of 
the lacrimal. The caudoventral, or quadratojugal, process forms 
the ventral margin of the infratemporal fenestra and then nar- 
rows to continue for a short distance beneath the overlapping 
quadratojugal. The upper, postorbital process tapers to form 
an overlapping contact with the ventral process of the post- 
orbital. In macronarians the postorbital process is reduced, so 
that the ventral process of the postorbital approaches the ven- 
tral end of the lacrimal (Wilson and Sereno 1998). The quadrato- 
jugal is a thin, L-shaped plate consisting of the rostral (jugal) and 
dorsal (quadrate) processes. In basal sauropods and macro- 
narians the angle between the processes is 90° or less, whereas in 
diplodocids this angle increases to 135°. The jugal process is at 
least twice the length of the quadrate process and is dorso- 
ventrally expanded at its rostral end; both of these features are 
derived characters that unite Eusauropoda (Upchurch 1998). 
The jugal process extends rostrally beneath the infratemporal 
fenestra; in neosauropods it unites with the rear of the maxilla, 
excluding the jugal from the lower margin of the skull. Pro- 
sauropods retain a contact between the ventral process of the 
squamosal and the quadrate process of the quadratojugal; in eu- 
sauropods this contact is lost (Wilson and Sereno 1998). 

The lacrimal is a straight, strutlike bone that separates the 
antorbital fenestra from the orbit. A small lacrimal duct pierces 
the upper half of the bone. The upper end of the lacrimal abuts 
the dorsal process of the maxilla rostrally, the nasal rostrodor- 
sally, and the prefrontal caudally. In most sauropods the base of 
the lacrimal is usually expanded and set on the maxilla; in 
diplodocids the base has been displaced caudodorsally by the 
expansion of the jugal. In basal macronarians, such as Camara- 
saurus, the lacrimal is reduced to a complex of several thin lam- 
inae. 

The nasals are long, transversely narrow elements that ex- 
tend caudodorsally from their contact with the premaxillae and 
articulate with the frontals caudally. The main body of the nasal 
forms a dorsally convex, ventrally concave plate of bone and 
bears two slender processes of unequal length. A long rostro- 
medially directed process contacts the ascending process of 


the premaxilla, and a short, ventrolaterally directed process 
articulates with the prefrontal, the maxilla, and the lacrimal. 
The sutural contact between the nasal, the frontal, and the pre- 
frontal has a stepped morphology. The upper part of the suture 
is approximately vertical, but ventrally the frontals and pre- 
frontals produce a shelflike projection that underlies the nasal. 
In diplodocoids the nasal is shortened rostrocaudally and the 
rostromedial process is greatly reduced. 

The prefrontal is a small, blocklike element lying between 
the nasal and the frontal and forming a small part of the dorsal 
rim of the orbit. In eusauropods the rostral process of the pre- 
frontal has been lost (Wilson and Sereno 1998). In dorsal view 
the caudal part of the prefrontal overlaps or incises the rostro- 
lateral corner of the frontal. In basal sauropods, such as Shuno- 
saurus and Omeisaurus, and in diplodocids this caudal portion 
of the prefrontal is triangular in outline, whereas in other sauro- 
pods it has a subquadrangular outline. The ventral process of the 
prefrontal contacts the lacrimal along the upper part of the cau- 
dal margin of the latter and also contacts the dorsal part of the 
ascending process of the maxilla. 

The frontals are stout, flat elements that contact the nasals 
and prefrontals rostrally and the parietals and postorbitals cau- 
dally. The frontals are wider transversely than they are rostro- 
caudally, a eusauropod synapomorphy (Gauthier 1986). In most 
sauropods the frontals are paired and meet each other on the 
midline at an interdigitating suture. In dicraeosaurids, however, 
the frontals are fused (Salgado and Calvo 1992). The caudal mar- 
gin of the frontal does not form part of the dorsal margin of the 
supratemporal fossa in neosauropods and Omeisaurus (Wilson 
and Sereno 1998). The frontal thins laterally, and this thinner 
edge forms the dorsal margin of the orbit. Ventrally the caudal 
part of the frontal forms a nearly vertical, laterally directed wing- 
like structure. This area attaches to the caudal surface of the lat- 
eral projection of the laterosphenoid and also meets the rostral 
face of the dorsal process of the postorbital. On the rostromedial 
portion of the ventral surface the frontal bears a ridge that forms 
the contact with the dorsal edge of the braincase (the orbito- 
sphenoid and rostral part of the laterosphenoid). On the mid- 
line, between the rostral ends of these ridges, is a smooth area 
that forms the dorsal rim of the opening for the olfactory nerve 
(c.n. I). 

The postorbital is a triradiate bone composed of a long, slen- 
der rostroventral process, a short, triangular caudal process, and 
a robust dorsomedial process. As in other dinosaurs, the dorso- 
medial process is probably formed from the original postfrontal, 
which is now thoroughly fused with the postorbital. This pro- 
cess forms the lateral part of the rostral margin of the supra- 
temporal fenestra. The rostral surface of this process contacts 
the frontal dorsally and the laterosphenoid ventrally and is 
therefore largely excluded from the caudodorsal margin of the 
orbit. At its medial end this process contacts the rostral lateral 
wing of the parietal. The small triangular caudal process is a 
transversely compressed plate. In most sauropods it fits into a 
V-shaped notch on the lateral surface of the rostral process of 
the squamosal. Together these portions of the postorbital and 
squamosal form the upper temporal bar. In eusauropods the 
upper temporal bar is displaced ventrally relative to the dorsal 
surface of the parietals. Thus, the supratemporal fenestrae are 
visible in lateral view. According to Wilson and Sereno (1998), 
this represents a synapomorphy of Eusauropoda; however, it is 
also seen in some prosauropods. The prominent rostroventral 
process forms a long overlapping contact with the jugal and in 
macronarians nearly excludes the latter from the ventral margin 
of the orbit. This process is subtriangular in cross section, and 
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in neosauropods it is broader transversely than rostrocaudally 
(Wilson and Sereno 1998). 

The parietal is composed of a main medially placed portion 
and two lateral processes, one located rostrally and the other 
caudally. The rostral edge of the parietal meets the caudal mar- 
gin of the frontal along a straight transverse suture. This suture 
is continued laterally by the rostral lateral process of the parietal, 
which meets the dorsomedial process of the postorbital. This 
postorbital-parietal contact excludes the frontal from the mar- 
gin of the supratemporal fenestra in all sauropods except 
Shunosaurus (Wilson and Sereno 1998). In some Camarasaurus, 
Dicraeosaurus, and Diplodocus what appears to be a pineal fora- 
men is located on the midline of the frontal-parietal suture. 
Whether this opening is a consistent and genuine feature or has 
been produced as an artifact of preservation has been the sub- 
ject of controversy (Roth and Roth 1980). Given that most sauro- 
pod skulls lack this opening and that the margins of this open- 
ing are usually broken, this region was probably closed by a thin 
sheet of bone above the pineal organ in life. The parietals meet 
at the midline along a tightly interdigitating suture. The caudal 
portion of the medial part of the parietal contacts the supra- 
occipital. In Dicraeosaurus, Amargasaurus, and Tornieria a small 
postparietal foramen is found on the midline between the pari- 
etal and the supraoccipital. The caudolateral process of the 
parietal forms the caudal wall of the supratemporal fenestra 
and contacts the exoccipital-opisthotic complex ventrally and 
the squamosal laterally. In nemegtosaurids the squamosal is 
excluded from the dorsal margin of the supratemporal fenestra 
by a contact between the caudal process of the postorbital and 
the caudal lateral process of the parietal. The dorsal surface of 
the medial part of the parietal is flat rather than transversely 
convex, and there is no fossa around the margin of the supra- 
temporal fenestra. Ventrally the medial portion of the parietal 
roofs the caudal part of the brain cavity and forms a contact with 
the opisthotic and prootic. 

The squamosal is a tetraradiate bone formed from a stout 
medial process, short rostral and caudoventral processes, and a 
long, slender rostroventral process. The medial process contacts 
the parietal along its dorsal margin and is surrounded medially 
and ventrally by the opisthotic and the paroccipital process. The 
rostral surface of the medial face bears a large, deep concavity for 
the insertion of M. adductor mandibulae. The rostral process 
unites with the postorbital to form the upper temporal bar. The 
caudoventral process is short and forms a part of the cup-shaped 
ventral sulcus that receives the head of the quadrate. This sulcus 
is bounded rostrolaterally by the rostroventral process. The latter 
is long and slender and tapers ventrally, overlapping the dorsal 
part of the rostrolateral margin of the quadrate. 

In most sauropods the quadrate is a large, approximately ver- 
tically oriented element. The head of the quadrate is usually 
rounded in lateral view and transversely compressed, although 
in diplodocoids this area is subtriangular in transverse section 
and reduced in size relative to that of other sauropods. Most of 
the quadrate consists of an almost vertical shaft that gives rise 
to two prominent processes, a rostromedially directed ptery- 
goid process and a rostrolaterally inclined quadratojugal process. 
The former forms a broad, winglike flange that has a wide, over- 
lapping contact with the quadrate wing of the pterygoid. The 
smaller rostrolateral process contacts the medial surface of 
the quadratojugal. In many sauropods the caudal surface of the 
quadrate bears a prominent fossa. In Shunosaurus this fossa is 
shallow, but in most other forms (e.g., Euhelopus, Mamenchisaurus 
sinocanadorum, Rayososaurus, nemegtosaurids, Camarasaurus, 
Brachiosaurus, and titanosaurs [Curry Rogers, pers. comm.]) this 


276 DINOSAUR SYSTEMATICS 


fossa is deep and dorsoventrally elongate. The quadrates of 
diplodocids lack this fossa. The distal end of the quadrate is ex- 
panded both rostrocaudally and transversely and is divided into 
two condyles that articulate with the lower jaw. Rayososaurus 
is unusual in possessing a quadrate with a distal end that is 
expanded more rostrocaudally than transversely (Calvo and 
Salgado 1995). In diplodocids the quadrate is slightly bowed 
rostrodorsally in lateral view and is oriented with its long axis 
extending rostroventrally. It was originally thought that nemegto- 
saurids also possessed this feature; however, the apparent rostro- 
ventral orientation of the quadrate in these taxa is probably the 
result of postmortem deformation (Salgado and Calvo 1997; 
Upchurch 1999). 

The pterygoid is the largest element in the palate (fig. 13.2). 
It is a triradiate, flat, sheetlike element that is oriented subverti- 
cally with respect to the long axis of the skull. The dorsal mar- 
gins of the pterygoids meet on the midline at an angle of ap- 
proximately 60°, resulting in a highly vaulted palate. The large, 
flat quadrate process overlaps the pterygoid process of the 
quadrate. On the lateral surface of the pterygoid, near the base 
of the quadrate process, there is a shallow excavation for the re- 
ception of the basipterygoid processes. In some sauropods, such 
as Shunosaurus, Camarasaurus, and Brachiosaurus, the margin of 
this socket produces a slender, fingerlike process that curves 
around the distal end of the basipterygoid process. The ectoptery- 
goid process is directed ventrally to contact the ectopterygoid 
and palatine. The palatine process is longest and directed ros- 
trally, meeting its fellow side by side on the midline (fig. 13.3). 
Rostrally the pterygoids are wedged between the vomers. Within 
Sauropoda there is some variation in pterygoid morphology; 
in particular, the pterygoids of diplodocoids, especially those 
of diplodocids, have a broader main body than the ptery- 
goids of other sauropods and also have reduced ectopterygoid 
processes. 

The small, straplike ectopterygoid has an expanded base that 
firmly contacts the jugal in basal sauropods (e.g., Shunosaurus) 
and the maxilla in neosauropods. As it proceeds medially, the 
ectopterygoid curves caudally to lie against the lateral surface 
of the ectopterygoid process of the pterygoid. The palatine con- 
sists of a broad, subtriangular plate that is oriented dorsomedi- 
ally and contacts the rostroventral margin of the pterygoid and 
overlaps the ectopterygoid. The lateroventral end of this plate 
forms a rostral process that extends along the medial surface of 
the maxilla. In eusauropods this maxillary process expands 
transversely toward its rostral tip (Upchurch 1998). The dorso- 
medial part of the palatine extends rostrally to contact the cau- 
dal end of the vomer and therefore excludes the pterygoid from 
the margin of the internal naris (fig. 13.3). The palatine forms 
the caudal and lateral margins of the internal naris. Rostrally the 
palatines contact the caudolateral corners of the vomers. The 
vomers are vertically oriented subtriangular plates that form 
the medial margin of the internal nares. They are wedged be- 
tween the maxillae rostrally and diverge caudally to clasp the 
rostral tips of the pterygoids. A second small opening pierces the 
palate caudal to the internal naris and is ringed by the maxilla, 
the ectopterygoid, and the palatine. The epipterygoid is gener- 
ally absent in sauropods, although it has been reported in Shuno- 
saurus (Zheng 1991). In Shunosaurus it is a thin, columnar bone 
that extends dorsally from the pterygoid to contact the skull roof. 

The sauropod braincase is completely ossified. It is a rostro- 
caudally short, dorsoventrally high structure that encloses the 
brain cavity. The floor of this cavity slopes strongly rostro- 
dorsally. The occipital region of the braincase comprises the 
supraoccipital, the exoccipital-opisthotic complex, and the 


FIGURE 13.3. Skull: A, Camarasaurus lentus in dorsal view; B, Brachio- 
saurus brancai in palatal view. Scale = 10 cm. (A after Gilmore 1925a; 
B after Janensch 1935-36.) 


basioccipital. The supraoccipital is a large, subrhomboidal ele- 
ment that makes up much of the dorsomedial part of the oc- 
ciput. It contacts the parietal dorsally, the squamosal dorso- 
laterally, the exoccipital-opisthotics ventrolaterally, and the 
prootic laterally and ventrally. In most sauropods the ventral 
margin of the supraoccipital is concave on the midline, forming 
the dorsal margin of the foramen magnum. This concave area 
extends rostrodorsally across the rostroventral surface of the 
supraoccipital to produce a sulcus that forms the caudal roof of 
the braincase. A prominent sagittal ridge on the caudal surface 
of the supraoccipital extends from the foramen magnum to the 
contact with the parietals. The suture between the exoccipitals 
and opisthotics is rarely observed, even in juveniles. This com- 
plex is composed of two portions: a stout, medially located main 
body (which forms the lateral margin of the foramen magnum) 
and the paroccipital process. The main body contacts the supra- 
occipital dorsally, the prootic rostrally, and the basioccipital 
ventrally. The paroccipital processes are flat, platelike structures 
that extend laterally to abut the quadrates. In most sauropods 
the distal ends of these processes are expanded dorsoventrally. 
In titanosaurians, such as Saltasaurus, the paroccipital processes 
are slender and elongate and curve rostroventrally toward their 
distal ends. Near the base of the paroccipital process its ventral 
margin is divided to form two sharp ridges. The caudalmost 
ridge is short and extends down to contact the basioccipital. 
The prominent rostral ridge extends rostroventrally and is con- 
tinuous with the crista prootica. Small openings for the glosso- 
pharyngeal, vagus, spinal accessory, and hypoglossal nerves 
(c.nn. IX-XII) and the jugular vein are located below and be- 
tween these two ridges at the contact between the exoccipital- 
opisthotic and the basioccipital. The basioccipital is a robust 
bone that forms the caudal floor of the braincase. Caudally the 
bone gives rise to a stout neck that terminates in a hemispheri- 
cal articular condyle. In the majority of sauropods the basi- 
occipital condyle is oriented caudoventrally, but in dicraeo- 
saurids and diplodocids it extends mainly ventrally. The ventral 
surface of the basioccipital is strongly convex transversely along 
most of its length. 


Rostrally the basioccipital contacts the basisphenoid. The 
junction between these two elements is marked by the ventrally 
projecting basal tubera, although the exact contribution of each 
bone to the tubera is unknown as the suture between them is 
usually obliterated. The basal tubera are well developed in most 
sauropods, especially in Camarasaurus, where they are more 
robust than the basipterygoid processes. In contrast, the basal 
tubera of dicraeosaurids are greatly reduced. The basisphenoid 
and co-ossified parasphenoid floor the rostral part of the brain 
cavity. They enclose the dorsoventrally elongate pituitary fossa. 
Ventrally the basisphenoid gives rise to the basipterygoid pro- 
cesses, which extend ventrolaterally and, in most sauropods, 
diverge from each other at an angle of ca. 45°. In dicraeosaurids 
and diplodocids these processes are directed strongly rostrally. 
Moreover, the basipterygoid processes of dicraeosaurids possess 
several autapomorphic features, including extreme elongation, 
a divergence angle of 20°, and a deep pit situated between their 
bases (Salgado and Calvo 1992; Upchurch 1998). The para- 
sphenoid possesses a forwardly directed rostral process. In most 
sauropods this process is triangular in lateral view and also in 
transverse cross section. The dorsal margin of the rostrum is 
marked by a prominent longitudinal groove, while the ventral 
margin is an acute ridge. In diplodocids this rostrum is a thin, 
transversely compressed sheet of bone that lacks the dorsal 
groove. 

Proceeding from front to back, the lateral wall of the brain- 
case is composed of several paired elements: the orbito- 
sphenoids, the laterosphenoids, the prootics, and the exoccipital- 
opisthotics. The orbitosphenoids form the rostral walls of the 
brain cavity. They meet at the midline, ventral to the large V- 
shaped opening for the tract supporting c.n. I. Close to the ven- 
tral contact with the parasphenoid a small foramen represents 
the exit point for the optic nerve (c.n. II). From their midline 
contact the orbitosphenoids diverge caudolaterally and con- 
tact the rostral margins of the laterosphenoids. Although the 
suture between the orbitosphenoid and the laterosphenoid is 
usually obliterated, two openings for the oculomotor and tro- 
chlear nerves (c.nn. II] and IV) probably mark the position of 
this contact. The laterosphenoid consists of two main portions. 
A rostral, vertically oriented parasagittal portion contacts the 
underside of the frontal dorsally and the basisphenoid ventrally. 
This region contacts the prootic along the upper part of its 
caudal margin. Immediately ventral to this contact, a large, ver- 
tically elongate opening represents the trigeminal foramen 
(c.n. V). The remaining part of the laterosphenoid forms a later- 
ally directed process that originates just rostral to the contact 
with the prootic. This process contacts the frontal and the dor- 
somedial process of the postorbital. The sharp ventral margin 
of this lateral process extends ventrally to pass rostral to the 
trigeminal foramen as the crista antotica. This ridge continues 
ventrally and merges with the crista prootica at the base of the 
basipterygoid process. The crista prootica thus extends caudo- 
dorsally from the base of the basipterygoid process to the paroc- 
cipital process, traversing the lateral surface of the prootic en 
route. This ridge forms a prominent shelflike structure that sep- 
arates the ventral and lateral surfaces of the braincase. In di- 
craeosaurids the rostroventral end of crista prootica gives rise to 
a well-developed, laterally projecting, leaflike process (Salgado 
and Calvo 1992; Upchurch 1998). 

The prootic, a small, wedge-shaped element in lateral view, 
tapers ventrally. It is pierced by a large number of foramina, in- 
cluding the exits of c.nn. VU, VIII, IX, and X (facial, auditory, 
glossopharyngeal, and vagus nerves) and the fenestra ovalis. It 
contacts the parietal dorsally, the exoccipital-opisthotic caudally, 
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and the basioccipital ventrally. The braincase is roofed by the 
parietals caudally and the frontals rostrally. 

In basal sauropods and macronarians the mandible is U- 
shaped in dorsal view, whereas in diplodocoids it has a sub- 
rectangular outline (Berman and McIntosh 1978; Upchurch 
1998:fig. 5). The rostral half of the mandible increases in depth 
toward the symphysis, a synapomorphy of Eusauropoda. In 
nondiplodocoid sauropods the mandible is deepest at the coro- 
noid eminence, just caudal to the dentary-surangular contact. 
The coronoid eminence of diplodocoids is poorly developed; 
consequently, the mandibular symphysis represents the deep- 
est part of the mandible. Shunosaurus and Mamenchisaurus sino- 
canadorum possess a small external mandibular fenestra, located 
at the junction of the dentary, the surangular, and angular; this 
fenestra is closed in all other sauropods. The jaw joint lies ven- 
tral to the dentary tooth row in all known sauropod skulls. The 
retroarticular process is poorly developed in all sauropods ex- 
cept diplodocids. 

In lateral view the rostral half of the mandible is composed 
of the dentary, while the caudal half consists of the angular ven- 
trally and the surangular dorsally (fig. 13.2). The rostralmost 
third of the dentary curves medially or rostromedially. In most 
sauropods the long axis of the symphyseal surface is oriented 
rostrodorsally at approximately 45° to the vertical. However, 
this long axis is oriented almost vertically in nemegtosaurids 
and Antarctosaurus wichmannianus. A series of nutrient foramina 
pierce the lateral surface of the dentary, just ventral to the tooth 
row. The teeth are not medially inset, and there is no evidence 
of a ridge for the attachment of fleshy cheeks on the lateral sur- 
face of the dentary. In diplodocids and dicraeosaurids the ventral 
margin of the rostral part of the dentary forms a sharp, caudo- 
ventrally inclined flange, or chin. The diplodocoid Nigersaurus 
displays a unique condition in which the rostral part of the den- 
tary gives rise to laterally projecting, tooth-bearing flanges of 
bone that greatly increase the transverse width of the lower jaw 
(Sereno etal. 1999). A lateral plate on the labial margin of the den- 
tary tooth row covers the base of the tooth crowns in a manner 
similar to that described above for the premaxilla and maxilla. 
The lateral plate is highest rostrally and decreases in height cau- 
dally. A series of replacement foramina lies ventral to the tooth 
row on the medial surface of the dentary. The caudal part of the 
dentary is divided into two processes. The dorsal process con- 
tacts the surangular laterally and the coronoid (where known) 
medially; and the ventral process contacts the angular laterally 
and the prearticular medially. In medial view the dentary forms 
the rostrolateral part of the internal mandibular fossa. 

The angular is a simple, elongate, platelike bone that forms 
the caudoventral portion of the mandible in lateral view and 
forms the ventral margin of the internal mandibular fossa. It 
articulates with the dentary rostrally, the surangular dorsally, 
and the prearticular medially and contributes to the ventral part 
of the retroarticular process. Most of the coronoid eminence 
(and hence the dorsal part of the internal mandibular fenestra) 
is composed of the surangular. In lateral view the surangular 
consists of a broad rostral process that increases in height cau- 
dally, reaching its highest point at the level of the coronoid em- 
inence; this process then decreases in height, tapering to a long, 
thin projection that makes up most of the retroarticular process 
and houses a marked concavity for the reception of the articu- 
lar. The dorsal rim of the surangular is thickened mediolaterally 
to overhang the internal mandibular fossa. In macronarians, 
especially Camarasaurus, the surangular is expanded dorso- 
ventrally, so that it is at least 2.5 times higher than the angular 
(Wilson and Sereno 1998). At least one small foramen pierces 
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the rostrodorsal part of the surangular in Camarasaurus, Brachio- 
saurus, and Nemegtosaurus. This foramen opens medially in the 
upper portion of the internal mandibular fossa. A second, more 
caudally located foramen is also known. 

The splenial is a thin, platelike bone situated on the medial 
surface of the rostral part of the mandible. It covers the ventral 
part of the dentary and encloses the mandibular canal. In Ca- 
marasaurus and Brachiosaurus the splenial extends to the sym- 
physis; in most other sauropods, however, the rostral termina- 
tion of the splenial is situated at a point approximately halfway 
along the length of the dentary tooth row. Caudally the splenial 
contacts the prearticular. The latter forms the ventromedial 
margin of the internal mandibular fossa and also supports the 
articular ventrally. It has an elongate rostral process and a small, 
blocklike caudal process. The articular is a small element that, 
together with a small contribution from the surangular, forms 
the mandibular glenoid. In several taxa, including Diplodocus, 
Apatosaurus, and to a lesser extent Camarasaurus, the jaw joint is 
rostrocaudally expanded relative to the length of the quadrate 
cotylus (Barrett and Upchurch 1994; Upchurch and Barrett 
2000a). In all other sauropods these two surfaces are subequal in 
length. 

All sauropods possess four premaxillary teeth. Shunosaurus 
possesses up to 21 maxillary and 21 dentary teeth, whereas 
all other sauropods for which appropriate material is known 
have reduced maxillary and dentary tooth counts (Wilson and 
Sereno 1998; but see Nigersaurus in Sereno et al. 1999). Com- 
parison with prosauropods reveals that the condition in Shuno- 
saurus is primitive and that reduction in tooth number is a 
synapomorphy of Omeisaurus + Neosauropoda (Wilson and 
Sereno 1998). In all sauropods the tooth rows are shortened 
relative to those in other dinosaurs; the caudal limit of the 
maxillary tooth row is situated rostral to the orbit. In neo- 
sauropods the tooth row terminates beneath the antorbital 
fenestra, and in diplodocoids it is further restricted to the rostral 
end of the snout. The teeth of Camarasaurus, Shunosaurus, Ma- 
menchisaurus sinocanadorum, and Brachiosaurus display an im- 
bricate arrangement, whereas those of diplodocoids and ti- 
tanosaurians are more widely spaced, so that the crowns do not 
overlap. The largest teeth are situated at the rostral end of the 
jaw. In many sauropods the teeth are procumbent, especially in 
diplodocids, although those of Brachiosaurus and nemeg- 
tosaurids erupt almost perpendicular to the jaws. There are 
normally one or two replacement teeth per alveolus, although 
in diplodocoids there may be as many as seven. 

Sauropod teeth display morphologies ranging from the cylin- 
drical tooth crowns of diplodocids to the broadly spatulate teeth 
of Camarasaurus and Omeisaurus (fig. 13.4). The teeth of all 
eusauropods display a characteristic wrinkled enamel texture 
(Wilson and Sereno 1998). Character optimization reveals that 
the teeth of basal sauropods possess crowns that were mesio- 
distally expanded and labiolingually compressed relative to the 
root. The labial surface of the crown is strongly convex mesio- 
distally, while the lingual surface is strongly concave in the same 
direction. Two grooves oriented apicobasally (labial grooves) 
extend along the labial surface of the crown. The lingual cavity 
is traversed by a ridge oriented apicobasally (lingual ridge). 
Large denticles are present on the mesial and distal crown mar- 
gins of basal sauropods such as Barapasaurus and Omeisaurus, 
but they are absent in most neosauropods (although some small 
denticles are present on some teeth of Brachiosaurus). Many of 
these primitive characters (but not denticles) are retained in 
Patagosaurus, Euhelopus, and Camarasaurus. Diplodocoids and 
titanosaurians have secondarily lost the labial grooves and the 


FIGURE 13.4. Sauropod teeth: A, Euhelopus zdanskyi in lingual view; 

B, Patagosaurus fariasi in labial view; C, Camarasaurus supremus in labial 
view; D, Brachiosaurus brancai in lingual view; E, undescribed titano- 
saurian in labial view; F, Diplodocus longus in labial view; G, Dicraeo- 
saurus hansemanni in labial view. Scale = 1 cm. (A after Wiman 1929; 

B after Bonaparte 1986b; C after Osborn and Mook 1921; D, G, after 
Janensch 1935-36; E, F, after Upchurch and Barrett 2000.) 


lingual concavity. Both diplodocoids and titanosaurians have 
narrow tooth crowns, which are not markedly expanded relative 
to the width of the tooth and are subcylindrical or cylindrical in 
cross section. Moreover, the tooth crowns are at least four times 
as tall as they are wide. These dental specializations occurred 
independently in Diplodocoidea and Titanosauria (Wilson and 
Sereno 1994, 1998; Upchurch 1998). Basal titanosauriforms, such 
as Brachiosaurus, have teeth that are in some respects interme- 
diate between the broad spatulate condition and that seen in 
diplodocoids and titanosaurians. The tooth crowns of basal 
titanosauriforms display a mosaic of features: they retain labial 
grooves and a lingual concavity, are only slightly expanded 
mesiodistally, are elongate relative to the condition seen in basal 
sauropods (but not as elongate as those of titanosaurians or 
diplodocoids), and retain a D-shaped cross section. 

Sclerotic rings have been reported in at least three genera: 
Diplodocus (Holland 1924a), Camarasaurus (Gilmore 1925a), and 
Nemegtosaurus (Nowinski 1971). However, it is likely that they 
were present in all sauropod taxa. Nemegtosaurus displays the 
best-preserved sclerotic ring, which consists of ten overlapping 
hexagonal plates. 

A stapes has only been reported in Shunosaurus (Zheng 1991) 
and Camarasaurus (Madsen et al. 1995). It is a small, straight, 
slender rod that extends from the fenestra ovalis toward the re- 
gion of the tympanum that was situated caudomedial to the 
shaft of the quadrate. 

Hyoid elements have been reported in five genera: Apatosaurus 
(Marsh 1883), Camarasaurus (Gilmore 1925a), Brachiosaurus (Ja- 
nensch 1935-36), Omeisaurus (Dong et al. 1983; He et al. 1988), 
and Shunosaurus (Zhang 1988). However, in no case has a com- 
plete hyoid apparatus been found. The ceratobranchials consist 
of elongate rods that are gently curved along their length, al- 
though those of Omeisaurus are more strongly bowed. 


Postcranial Skeleton 


AXIAL SKELETON 


The terminology used to refer to various vertebral laminae fol- 
lows the nomenclature proposed by Wilson (1999). 

The earliest sauropods probably possessed 10 cervical, 15 dor- 
sal, 3 sacral, and 40-50 caudal vertebrae. Sauropod evolution in- 
cludes many instances in which this primitive vertebral formula 
was modified, perhaps reflecting adaptations relating to neck 
elongation, stabilization of the thoracic region, and increased 
mechanical strength of the sacrum. The necks of sauropods 
have increased in length on several different occasions by a 
combination of elongation of individual vertebrae, addition of 
new cervical vertebrae, and the conversion of dorsal vertebrae 
into cervicals (Upchurch 1994a). As a result, the cervical num- 
ber increases to 12 early in sauropod evolution and reaches 
maximum values of 15-16 in diplodocids and 17 in Euhelopus, 
Mamenchisaurus, and Omeisaurus. Partially correlated with such 
events is the reduction of the number of dorsal vertebrae such 
that many sauropods have only 12 or 13 dorsals and diplodocids 
have 10. Basal sauropods (e.g., Barapasaurus) possess 4 co- 
ossified sacral vertebrae. In Omeisaurus and neosauropods this 
number increases to 5 sacrals, perhaps through the addition of 
a further dorsosacral. Some old individuals of Apatosaurus occa- 
sionally acquire a sixth sacral, but this element is only con- 
sidered to be a sacral on the basis that it co-ossifies with the 
sacrum, rather than because it bears a modified rib that fuses to 
the ilium. Many lithostrotians (Opisthocoelicaudia, Saltasaurus, 
and “Titanosaurus” colberti) and Euhelopus incorporate what 
may be an additional caudosacral (Borsuk-Bialynicka 1977; Up- 
church 1998) and therefore have 6 true sacral vertebrae. The 
number of caudals remains reasonably constant throughout 
sauropod evolution, except in diplodocids, in which it increases 
to 70-80 vertebrae, reflecting the development of the long whip- 
lash tail. 

A proatlas has been found in Brachiosaurus brancai (Janensch 
1950a), Camarasaurus grandis (McIntosh, pers. comm.), and 
Dicraeosaurus (Upchurch, pers. obs.). Furthermore, the brain- 
case and occiput of ?Antarctosaurus from India, described by 
Berman and Jain (1982), has a facet on either side of the foramen 
magnum for the articulation of the proatlantal elements. One 
end of the proatlas is stout, forming an oval facet that probably 
articulated with the occiput. From this end the proatlas tapers 
and forms a thin crescentic plate. The thin, rounded distal end 
probably overlapped the craniodorsal corner of the lateral sur- 
face of the atlantal neurapophysis. 

The atlas is well preserved in Apatosaurus, Brachiosaurus, Ca- 
marasaurus, Diplodocus, Dicraeosaurus, Omeisaurus, and several 
other sauropods. The intercentrum is short, with a wide, con- 
cave cranial face. The caudal surface, which is usually flat or 
slightly convex and roughened, is much smaller than the cra- 
nial face. The lateral surfaces are slightly convex dorsoventrally 
and concave craniocaudally. The ventral surface is a small, 
slightly concave area that faces downward and backward. In 
cranial view the intercentrum can be seen to be approximately 
U-shaped or crescentic because of the deep dorsal emargination 
that receives the odontoid process of the axis. In some cases, 
as in that of Diplodocus (Marsh 1884c), the intercentrum may 
partly close over the top of the odontoid, forming a partial sep- 
aration between the latter and the neural canal. The bases of the 
neurapophyses attach on either side of this area. Diplodocids 
possess a derived condition in which the cranial articular sur- 
face is more strongly cupped because of the expansion of the 
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cranioventral margin of the intercentrum (Wilson and Sereno 
1998). Small parapophyseal articulations can occasionally be 
observed on the lateral surface of the intercentrum. The neu- 
rapophyses are long, curved, platelike elements that, as in other 
dinosaurs, approach close to each other without actually meet- 
ing on the midline over the neural canal. Each neurapophysis 
has two main portions. The smaller, cranioventral section is a 
vertically oriented plate similar to the lateral wall of the neural 
arch. This plate merges with a much longer section, projecting 
caudodorsally. The distal ends of each of these processes overlap 
the prezygapophyseal areas on the axis. 

The odontoid process is a short, wide, approximately conical 
element. The caudal surface, the base of the cone, is the widest 
and highest portion and is usually gently concave and rough- 
ened. The lateral surfaces are smooth and curve forward and 
medially, while the ventral surface curves forward and upward. 
The dorsal surface of the odontoid is gently concave. 

The axis is well preserved in numerous sauropod genera 
(e.g., Apatosaurus, Brachiosaurus, Cetiosaurus, Euhelopus, Mamen- 
chisaurus, Omeisaurus, and Shunosaurus). The centrum of the 
axis is elongate, approximately three times as long as it is wide. 
The cranial articular surface is flat or mildly convex and rough- 
ened, while the caudal end is concave. The centrum is con- 
stricted in its middle portion. The cranial part of the ventral sur- 
face is flat or mildly concave and may bear a low median keel 
(e.g., in Omeisaurus, Cetiosaurus, and Brachiosaurus). The lateral 
surface of the centrum, like that of the later cervicals, is often 
marked by a longitudinal depression or deeper pleurocoel. The 
parapophysis is generally situated at the cranioventral corner of 
the lateral surface of the axis, lying just below the cranial end 
of the pleurocoel. The neural arch is low, especially cranially, but 
becomes a little taller caudally. The prezygapophyseal area, as in 
other diapsids (Sereno 1991), faces dorsolaterally rather than 
dorsomedially as in the other vertebrae. The short transverse 
processes project downward, outward, and backward. The distal 
end of this process may be mildly expanded (as in Diplodocus). 
This process is generally situated at about midlength on the 
low axial arch (McIntosh 1990a) but lies more cranially in 
Omeisaurus tianfuensis (He et al. 1984, 1988) and Camarasaurus 
grandis (Upchurch, pers. obs.). The transverse process is but- 
tressed by laminae resembling those found on the later cervi- 
cals. The prezygodiapophyseal and caudal centrodiapophyseal 
laminae are small, and the latter may be absent altogether. The 
caudal centrodiapophyseal lamina is much more prominent 
and runs caudoventrally across the lateral surface of the arch 
at about 30°-40° to the horizontal. The postzygodiapophyseal 
lamina is prominent and curves steeply caudodorsally. The 
postzygapophyses are much larger and more widely spaced than 
the prezygapophyses. Their large oval articular facets face down- 
ward, backward, and outward. The medial margin of each 
postzygapophysis forms a thin, ventromedially directed lamina 
that splits into two, one portion continuing ventromedially to 
meet its partner on the midline and together with it form the 
dorsal margin of the neural canal opening, the second portion 
directed vertically and forming the lateral margin of the same 
opening. The dorsal surfaces of the postzygapophyses are 
marked by rugose ridges (epipophyses) that lead into the bases 
of the spinopostzygapophyseal laminae. The neural spine is 
variable in shape and prominence. It is formed mainly by the 
prominent spinopostzygapophyseal laminae, which converge 
on the midline craniomedially. As a result, the spine has a sharp 
midline ridge on the cranial surface and a wide deep cavity on 
the caudal surface. In lateral view the spine projects caudo- 
dorsally. 
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Sauropod cervicals gradually increase in size toward the cau- 
dal end of the neck. Cervical centra are most elongate in the 
middle part of the neck, becoming shorter and taller toward 
the cervicodorsal junction. In most sauropods the length of the 
cervical centrum is no more than three times the width across 
the caudal articular surface; however, in certain forms with 
particularly long necks (e.g., Barosaurus, Diplodocus, Mamenchi- 
saurus, and Omeisaurus) the length-width ratio reaches values of 
4.0 or higher. The cervical centra are strongly opisthocoelous 
(fig. 13.5), with prominent hemispherical cranial articulations. 
Cranial cervical centra usually have a subcircular cross section, 
although those of Shunosaurus, Euhelopus, Mamenchisaurus, and 
Omeisaurus are transversely compressed (Upchurch 1998). The 
ventral surface is arched dorsally in lateral view and usually is 
nearly flat transversely. The cranial part of the ventral surface is 
often concave transversely, and this concavity is continued along 
the length of the centrum in diplodocids and Brachiosaurus. A 
prominent midline keel is found in basal sauropods and Dicraeo- 
saurus but is normally greatly reduced or totally absent in most 
genera. The parapophyses are formed by a lateral extension of 
the centrum that fuses with the capitulum of the cervical rib. 
The position of the cervical parapophysis is remarkably consis- 
tent, always occurring at the cranioventral corner of the lateral 
surface, even in the most caudal cervicals. The dorsal surfaces of 
the parapophysis are normally excavated; this cavity is continu- 
ous with the lateral depression or pleurocoel in cetiosaurids but 
is bounded medially by a ridge in neosauropods. 

The lateral surface of the cervical centrum is usually ex- 
cavated by a longitudinal depression or a more complex pleuro- 
coel. Basal sauropods, such as Shunosaurus, possess only shallow 
lateral depressions, a condition that was acquired (via reversal) 
in dicraeosaurids and some advanced lithostrotians. Cetio- 
saurids possess deep lateral depressions, but these excavations 
are generally simple and do not ramify deeply within the cen- 
trum. Omeisaurus and neosauropods possess deep pleurocoels 
that are continuous with chambers within the body of the cen- 
trum itself. The pleurocoel is normally divided into a cranial 
and a caudal portion by a prominent, obliquely oriented acces- 
sory lamina. The centroprezygapophyseal lamina runs verti- 
cally up from the craniolateral margins of the centrum and sup- 
ports the prezygapophysis from underneath. These laminae do 
not form the cranial opening of the neural canal. Instead, they 
form vertical walls that flank the spinal cord laterally but not 
dorsally. The true cranial opening of the neural canal occurs more 
caudally, below the cranial face of the neural arch. In cranial cer- 
vicals the centroprezygapophyseal laminae are simple stout 
ridges. However, in the middle and caudal cervicals of Brachio- 
saurus, Barosaurus, Apatosaurus, and Diplodocus (cervical 7 on- 
ward) this lamina bifurcates toward its dorsal end, forming lateral 
and medial branches. Between these two branches a triangular 
hollow is created. The cranial surface of the arch forms an inter- 
prezygapophyseal cavity that is normally floored by a thin sheet 
of bone that forms the roof over the cranial neural canal open- 
ing. In the cranial cervicals of many sauropods the midpoint of 
this sheet meets the underside of the interprezygapophyseal 
lamina. As a result, the interprezygapophyseal cavity is divided 
into two triangular hollows. The same morphology is main- 
tained throughout the rest of the cervicals in Brachiosaurus, Di- 
craeosaurus, and Diplodocus. In middle and caudal cervicals of 
Apatosaurus, Camarasaurus, Cetiosaurus, and Haplocanthosaurus, 
however, the intraprezygapophyseal lamina is separated from 
the roof of the neural canal by a vertical midline lamina. 

The cervical prezygapophyses are large and project forward 
beyond the cranial end of the centrum. They become shorter 
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in the more caudal cervicals and eventually remain as short 
facets on the cranial edge of the transverse process. The articu- 
lar faces are roughly triangular in the more cranial cervicals but 
become transversely wide and craniocaudally short in the more 
caudal ones. These facets are usually flat, but Barosaurus and 
Diplodocus display the derived condition in which these facets 
are transversely convex in middle and caudal cervicals (Up- 
church 1995). The prezygodiapophyseal lamina is a sheet of 
bone linking the lateral surface of the prezygapophysis to the 
cranial margin of the transverse process (fig. 13.5). In the last few 
cervicals and the most cranial dorsals the lateral edge of this 
lamina becomes widened and roughened (Diplodocus [Hatcher 
1901], Haplocanthosaurus [Hatcher 1903c], Dicraeosaurus [Up- 
church, pers. obs.]). Hatcher (1901) interpreted this as forming 
the attachment area for muscles from which the scapular blade 
was suspended. The postzygodiapophyseal lamina usually is less 
prominent than the prezygodiapophyseal lamina, and its lateral 
edge is concave in dorsal view. The cranial centrodiapophyseal 
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FIGURE 13.5. Caudal cervical vertebrae in lateral view: A, Cetiosaurus oxoniensis; B, Haplocanthosaurus 
priscus; C, Camarasaurus lentus; D, Euhelopus zdanskyi; E, Brachiosaurus brancai; F, Apatosaurus excelsus; 

G, Diplodocus carnegii; H, Barosaurus lentus; 1, Dicraeosaurus hansemanni. Scale = 10 cm. (A after Upchurch and 
Martin 2002; B after Hatcher 1903c; C after Holland 1924b; D after Wiman 1929; E, I, after Janensch 1929a, 
1950a, 1950b; F after Gilmore 1936; G after Hatcher 1901; H after Lull 1919.) 


lamina is one of two laminae that support the transverse process 
from below. This lamina is normally small on cranial cervicals 
but increases in prominence toward the caudal end of the se- 
ries. It is usually directed cranioventrally in lateral view. The cau- 
dal centrodiapophyseal lamina is longer and more prominent. 
In most cervicals this lamina is directed caudally and a little 
downward. Toward the end of the cervical series and in cranial 
dorsals it becomes steeply inclined caudoventrally. Cranial and 
caudal centrodiapophyseal laminae on middle and caudal cervi- 
cals constitute a derived character shared by all sauropods (Up- 
church 1998). The transverse processes vary in form, robustness, 
position, and orientation throughout the vertebral column. 
Variation is also observed between genera. In general, the cervi- 
cal transverse processes project outward from the arch and curve 
ventrally toward their distal ends, and the diapophyseal articu- 
lar surface faces ventrolaterally. The caudal face of the neural 
arch shows a system of hollows and laminae similar to that de- 
scribed for the cranial face. The postzygapophyseal articular sur- 
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faces are usually flat and face mainly downward and a little out- 
ward and backward; however, in the middle and caudal cervicals 
of Barosaurus and Diplodocus these surfaces are transversely con- 
cave and correspond with the convex prezygapophyses. 

In most forms the neural spine is low, increasing in height 
gradually toward the caudal end of the cervical series. In Di- 
craeosaurus and Amargasaurus the neural spines are drawn out 
into long, slender processes. In several sauropods the caudal cer- 
vical and cranial dorsal spines are divided longitudinally by a 
V-shaped (dicraeosaurids, diplodocids) or U-shaped (Camara- 
saurus, Opisthocoelicaudia, Phuwiangosaurus) notch. This notch 
may have contained a nuchal ligament: parts of this calcified lig- 
ament are preserved in at least one Camarasaurus individual 
(Chure, pers. comm.). Cervical neural spines are built from two 
main laminae: the spinoprezygapophyseal and _ spinopost- 
zygapophyseal laminae that rise from the bases of the pre- and 
postzygapophyses, respectively, and merge at the spine summit. 
The spinoprezygapophyseal laminae define a shallow triangular 
hollow on the cranial surface of unbifurcated neural spines, 
whereas the spinopostzygapophyseal laminae mark the bound- 
aries of a deeper, postspinal hollow. As cervicals increase in size 
and decrease in length toward the caudal end of the neck, the 
neural spines shorten craniocaudally. The cranial face of the spine 
generally becomes steeper (nearly vertical or even overhang- 
ing the prezygapophyses), while the caudal margin approaches 
a shallow angle close to horizontal. In bifurcated neural spines a 
transverse wall of bone separates pre- and postspinal hollows. 
This wall of bone may be surmounted by a small rugose projec- 
tion lying at the center of the notch (as occurs in diplodocoids). 

Sauropod cervical ribs are tetraradiate, formed from a short 
cranial process, a capitulum, a tuberculum, and a long, slender, 
caudally directed main shaft. Thus, the ribs are double-headed, 
except that for the atlas (McIntosh 1990a). In basal sauropods 
the angle between the capitulum and the tuberculum is 90° or 
greater, so that the main shaft of the rib runs close to the level 
of the ventral surface of the centrum. Omeisaurus and Neo- 
sauropoda, however, display a derived condition in which this 
angle is slightly less than 90°, so that the rib shaft lies well below 
the ventral surface of the centrum (Wilson and Sereno 1998). In 
most sauropods the ribs of the middle cervicals have long distal 
shafts that extend 1-3 centrum lengths beyond the caudal end 
of the cervical to which they attach. As a result, middle cervical 
ribs form overlapping bundles of shafts, as seen in Mamenchi- 
saurus (Young and Chao 1972). In Shunosaurus, dicraeosaurids, 
and diplodocids, however, the cranial process and the distal 
shaft are substantially reduced in length, so that the latter nor- 
mally terminate close to the caudal end of the centrum to which 
they attach. In caudal cervicals the ribs of all sauropods shorten, 
become widened, elongate triangular plates that project caudo- 
ventrally as part of the transition into dorsal ribs. Generally, 
cervical ribs (of at least adult individuals) are thoroughly fused 
to the parapophyses and diapophyses. 

The cranial dorsal centra of sauropods, in keeping with their 
transitional nature, are the longest of the dorsal series. The mid- 
dle and caudal dorsals are shorter and more uniform in length. 
In the majority of sauropods the lengths of the middle and 
caudal dorsal centra exceed their widths and heights, except in 
Diplodocus and Apatosaurus, where they are shorter. In basal 
sauropods the cranial dorsal centra have flat or shallowly con- 
cave cranial articular faces. However, in most forms the first three 
to four dorsals retain a prominent hemispherical cranial articu- 
lar surface. Middle and caudal dorsals become amphiplatyan or 
amphicoelous in dicraeosaurids and diplodocids but are slightly 
convex in many basal forms (e.g., Cetiosaurus) and prominently 
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hemispherical throughout the series in macronarians. The ven- 
tral surface is concave craniocaudally (as a result of the mild con- 
striction of the centrum in its middle portion) and gently convex 
transversely. In some forms, such as Diplodocus and Haplocantho- 
saurus, the convexity may bea little more acute, forming a broad 
ventral keel. 

Lateral excavations are absent in the dorsal centra of several 
basal sauropods (e.g., Shunosaurus) and some derived forms, such 
as dicraeosaurids. In cetiosaurids there is a deep lateral pit, but 
this is a simple structure that does not ramify within the body of 
the centrum or up into the base of the neural arch. Many 
neosauropods have large pleurocoels in their dorsal centra, al- 
though these are reduced again in many titanosaurians. These 
excavations or pleurocoels are subcircular or oval in outline, but 
those of macronarians become subtriangular in cranial dorsals 
because the caudal end becomes acute. The pleurocoels of titano- 
saurians are craniocaudally elongate elliptical openings set 
within a wide shallow fossa. The dorsal neural arch is particularly 
tallin sauropods, so that its height is equal to or greater than that 
of the centrum (figs. 13.6, 13.7; Bonaparte 1986b). The para- 
pophysis is situated at midheight on the centrum of dorsal 1 and 
tends to rise up onto the arch in middle and caudal dorsals (figs. 
13.6, 13.7), so that eventually it is located just ventrolateral to the 
prezygapophysis. The parapophyseal articular surfaces on the cra- 
nial dorsals are usually large and subcircular in outine. More cau- 
dally they become smaller and either remain subcircular, as in 
Apatosaurus, Diplodocus, and Brachiosaurus, or develop dorso- 
ventrally elongate oval outlines, as in Haplocanthosaurus and 
Camarasaurus. The articular surfaces face outward in the cranial 
dorsals and ventrolaterally on the middle and caudal dorsals. 
Whereas in Haplocanthosaurus and Camarasaurus the parapo- 
physes remain as oval facets on the craniolateral margin of the 
arch and are joined by a lamina directly to the transverse process, 
in Brachiosaurus, Diplodocus, and Apatosaurus they become pe- 
dunculate (i.e., the articular surface is supported by a stalk that 
projects outward and downward). The prezygapophyses are sup- 
ported from below by stout centroprezygapophyseal laminae. In 
Neosauropoda the dorsal end of this lamina bifurcates into lat- 
eral and medial portions, with a hollow in between. Thus, the 
parapophysis is linked to the centrum by the cranial centropara- 
pophyseal lamina that joins the ventral end of the centropre- 
zygapophyseal lamina. A deep fossa between the centroprezyga- 
pophyseal laminae, the dorsal surface of the centrum, and the 
interprezygapophyseal lamina usually surrounds the cranial 
opening of the neural canal. 

The prezygapophyses, like those of the caudal cervicals, re- 
main widely separated in the cranial dorsals. In the middle and 
caudal dorsals the prezygapophyses move close to the midline 
and develop expanded, ventromedially directed facets on their 
medial surfaces, representing the hypantral articular surfaces. 
The prezygapophyseal articular surfaces are flat and face upward 
and slightly medially. Transverse processes are triradiate in 
parasagittal section, reflecting the fact that they are composed of 
the union of three large laminae: the prezygodiapophyseal, the 
postzygodiapophyseal, and the caudoventrally directed caudal 
centrodiapophyseal. There is often a smaller cranial centro- 
diapophyseal lamina and/or a paradiapophyseal lamina, the 
latter linking the diapophysis directly to the parapophysis in 
middle and caudal dorsals. The lateral surface of the neural 
arch is therefore divided into three fossae (figs. 13.6, 13.7) and 
may be further divided if a caudal centroparapophyseal lamina 
is present (as occurs in most neosauropods). Transverse pro- 
cesses may be directed laterally (Barapasaurus, Brachiosaurus, 
Camarasaurus, diplodocids) or dorsolaterally (Cetiosaurus, 


dicraeosaurids, Haplocanthosaurus, Patagosaurus, some titano- 
saurians). The caudal centrodiapophyseal lamina widens, or 
even bifurcates into two ridges, at its ventral end in Titanosauria 
(Salgado et al. 1997a). Several sauropods, such as Cetiosaurus, 
have a small accessory lamina or ridge that extends across the lat- 
eral surface of the neural arch from the caudal surface of the cau- 
dal centrodiapophyseal lamina to the base of the post- 
zygapophysis. Hyposphene-hypantrum articulations are present 
in the middle and caudal dorsals of most sauropods except 
Lithostrotia. The hyposphenal plate is triangular in caudal view, 
with the apex pointing dorsally and meeting the point on the 
midline where the postzygapophyses join. Generally the hy- 
posphene is supported by a pair of centropostzygapophyseal 
laminae that extend ventrolaterally; in Diplodocus and Baro- 
saurus, however, a single midline lamina descends to the top 
of the caudal neural canal opening (Upchurch 1995). The post- 
zygapophyses are widely separated from each other in cranial 
dorsals but lie side by side in middle and caudal dorsals. Their ar- 
ticular surfaces are flat and face ventrolaterally. Several sauropods 
possess a cavity within the body of the neural arch (the neural 
cavity) immediately above the neural canal. In neosauropods 
this cavity is either entirely enclosed by bone or obliterated by 
craniocaudal narrowing of the neural arch (Bonaparte 1986a, 
1986b). In Barapasaurus (Jain et al. 1979) and Patagosaurus (Bona- 
parte 1986a) this cavity opens to the exterior via a lateral foramen 
immediately below the base of the transverse process. In cetio- 
saurids the more cranial dorsals lack the neural cavity and foram- 
ina; instead there is a deep pit on either side of the arch, below 
the transverse process and just in front of the base of the caudal 
centrodiapophyseal lamina (Jain et al. 1979; Bonaparte 1986a, 
1986b; Upchurch 1998; Upchurch and Martin 2002, 2003). 
Dorsal neural spines are tall relative to their craniocaudal 
width, although their height is no greater relative to centrum di- 
ameter than in other dinosaurs. In diplodocids and dicraeo- 
saurids, however, the neural spines become particularly long, 
reaching two to four times the height of the centrum (Upchurch 
1998). The spines normally increase in height to some extent 
toward a maximum at the sacrum, although it is possible that 
the tallest spines in Brachiosaurus were closer to the shoulders. 
In primitive sauropods, such as Kotasaurus, Shunosaurus, and 
Volkheimeria, the neural spines are laterally compressed plates 
that lack lamination or bear only moderately developed ridges. 
Cetiosaurids and many other eusauropods develop two major 
laminae, the spinoprezygapophyseal and the spinopost- 
zygapophyseal, which extend along the craniolateral and caudo- 
lateral margins of the spine, respectively. The spinodiapophyseal 
lamina is also present, extending from the dorsal surface of the 
transverse process to a point where it fuses with the cranial sur- 
face of the spinopostzygapophyseal lamina at about one-third to 
one-half the spine height. This basic structure is further modified 
in both diplodocoid and macronarian clades. Rebbachisaurids 
and dicraeosaurids develop spines that are paddle-shaped in cra- 
nial view because of their transversely widened and rounded 
summits. In all diplodocoids the caudal dorsal neural spines be- 
come flattened axially. The spinopostzygapophyseal laminae are 
directed strongly laterally, and the spinoprezygapophyseal lami- 
nae fuse to form a single midline prespinal lamina extending up 
the cranial face of the spine. A postspinal lamina extends up the 
midline of the caudal surface of the spine. Macronarians develop 
a prominent triangular process that projects laterally from the 
top of the spine, although this may be reduced again in some de- 
rived lithostrotians (Salgado et al. 1997a; Upchurch 1998, 1999; 
Wilson and Sereno 1998). Titanosauriformes convergently ac- 
quire pre- and postspinal laminae. In general, dorsal neural 
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FIGURE 13.6. Caudal dorsal vertebra of Apatosaurus louisae in A, cranial, 
B, lateral, and C, caudal views. The nomenclature for the laminae is 
based mainly on Wilson (1999) with some additions. Scale = 50 cm. 
(After Gilmore 1936.) 


spines are directed vertically and a little backward. However, in 
several advanced lithostrotians, especially Ampelosaurus, these 
spines are directed strongly caudodorsally. 

The dorsal ribs generally reach their greatest length on the 
midcranial dorsals. Unlike cervical ribs, they do not fuse to their 
vertebrae. The long main shafts are directed vertically down- 
ward and curve slightly inward toward their distal end. The first 
dorsal rib is the most distinctive, having a larger tuberculum 
and a greater distance between the tuberculum and the capitu- 
lum and being smaller and heavier than the other ribs (McIntosh 
1990a). The shaft, which is much straighter than in other ribs, 
is subcircular or subtriangular in cross section rather than flat- 
tened. Titanosauriforms possess pneumatic dorsal ribs (Wilson 
and Sereno 1998). 

Gastralia in sauropods were suspected after the discovery of 
many straight, slender osseous elements (e.g., unpublished field 
records of Earl Douglas from the Dinosaur National Monument), 
but their actual identification occurred only recently with the 
discovery of a well-preserved complete articulated set in a skele- 
ton of “Eobrontosaurus” (Filla and Redman 1994). Gastralia have 
also been reported in the Early Cretaceous African sauropod 
Jobaria (Sereno et al. 1999). In “Eobrontosaurus” there are nine 
paired elements. They are straight, slender strips of bone of 
which the second is the longest, after which they decrease in 
length to the ninth, which is only one-eighth as long as the sec- 
ond. Numbers 2-6 have straight edges and rugose growths on 
the ends. Numbers 1 and 7-9 exhibit these rugose growths over 
their extreme margins. 

The sauropod sacrum is composed of five thoroughly co- 
ossified sacral vertebrae. Riggs (1903b) suggested that this was 
formed from three “primary” sacrals, one dorsosacral, and one 
caudosacral. Subsequent discoveries have shown that basal 
sauropods have four sacrals, probably representing two pri- 
mary sacrals, a dorsosacral, and a caudosacral. The five-vertebra 
sacrum of Omeisaurus, diplodocoids, and basal macronarians 
was probably created by adding a second dorsosacral, and the 
six-vertebra sacrum of lithostrotians (fig. 13.8) may have been 
produced through the addition of a second caudosacral. The 
sacral centra fuse together to form one long cylindrical mass. 
The curvature and orientation of this cylinder is important with 
regard to the stance of sauropods. For example, in Diplodocus 
and Apatosaurus the cylinder is curved, so that both cranial and 
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FIGURE 13.7. Cranial dorsal vertebrae in cranial view: A, Omeisaurus tianfuensis; B, Haplocanthosaurus 
priscus; C, Camarasaurus supremus; D, Opisthocoelicaudia skarzynskii; E, Euhelopus zdanskyi; F, Apatosaurus 
louisae; G, Diplodocus carnegii; H, Dicraeosaurus hansemanni; 1, Mamenchisaurus hochuanensis; J, Janenschia 
robusta. Scale = 10 cm. (A after He et al. 1984; B after Hatcher 1903c; C after Osborn and Mook 1921; D after 
Borsuk-Bialynicka 1977; E after Wiman 1929; F after Gilmore 1936; G after Hatcher 1901; H after Janensch 
1929a; | after Young and Chao 1972; J after Bonaparte et al. 2000.) 


caudal ends face slightly upward. This results in both the dorsal 
and caudal series running a little upward as they move away from 
the sacrum. Marsh (1896) noted that at least in the Morrison 
Formation sauropods the sacral centra are hollow. Although no 
sutures mark the points of contact between the centra, they can 
be distinguished because the sacral centra retain the median 
constriction seen in other vertebrae. Thus the boundaries be- 
tween centra are marked by a distinct ridge where the expanded 
ends of two centra meet. The majority of forms have amphi- 
coelous sacral centra. Broken sacra or isolated unfused sacrals 
show the cranial and caudal faces to be flat and rough. Exceptions 
to this include Alamosaurus, in which the last sacral has a large 
cranial cup (Mateer 1976); Opisthocoelicaudia, in which the last 
sacral has a deeply excavated caudal surface (Borsuk-Bialynicka 
1977); Saltasaurus, in which the cranial surface of the first sacral 
and the caudal surface of the last are convex (Bonaparte and 
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Powell 1980); Omeisaurus, in which the caudal surface of the last 
sacral is convex; and Mamenchisaurus, in which the cranial sur- 
face of sacral 1 is convex (Young and Chao 1972). Most sacral 
centra lack pleurocoels, although deep lateral excavations have 
been observed in Apatosaurus, Brachiosaurus, Camarasaurus, Di- 
plodocus, Haplocanthosaurus, and Rapetosaurus. The more cen- 
trally placed centra are often reduced in diameter relative to the 
first and last sacrals, which are similar in size to the last dorsal 
and first caudal, respectively. One of the best-known features of 
Sauropoda is the enlargement of the neural canal in the region 
of the sacrum. This enlargement occurs in most sauropods, al- 
though Hatcher (1903c) stated that the sacra of Haplocantho- 
saurus show no sign of this feature. The prezygapophyses of the 
first sacral have articular facets that usually face mainly upward. 
Most sauropods, including even Opisthocoelicaudia, have a hypo- 
sphene on the last dorsal that fits into a hypantrum on the first 


FIGURE 13.8. Sacrum and ilia of Opisthocoelicaudia skarzynskii in dorsal 
view. Scale = 30 cm. (After Borsuk-Bialynicka 1977.) 


sacral. The last sacral also bears distinct postzygapophyses with 
articular facets directed ventrolaterally or laterally. The sacral 
vertebrae are attached to the ilia via what are normally termed 
sacral ribs. However, the term “sacral plate” is preferred since 
this structure may be a combination of the sacral transverse 
processes (dorsally) and a genuine modified rib (ventrally). The 
rib attaches to the vertebra via a parapophysis situated at the top 
of the centrum, vertically below the transverse process. The un- 
derside of the transverse process gives rise to a thin lamina that 
extends ventrally to the dorsal surface of the parapophysis and 
sacral rib. The base of the transverse process is buttressed cra- 
nially and caudally by pre- and postzygodiapophyseal laminae, 
respectively. The transverse processes are directed horizontally 
in cranial view, so that their upper surfaces attach close to the 
dorsal margin of the ilium. In dorsal view (fig. 13.8) the trans- 
verse process of the first and, to a lesser extent, second sacrals 
are directed craniolaterally, whereas those of more caudal sacrals 
are oriented laterally. The neural arches are normally thor- 
oughly co-ossified in adult sauropods. The sacral neural spines 
generally possess a similar morphology to those of the preced- 
ing dorsal vertebrae, although the last sacral possesses a spine 
similar to that of the first caudal vertebra. Two or three of the 
sacral neural spines often co-ossify throughout all or part of 
their lengths, creating a stout vertical plate. Which spines are in- 
volved in this co-ossification, and the extent of fusion, may have 
a phylogenetic component, but the latter is obscured by onto- 
genetic and individual variation. For example, sacral spines 2-4 
tend to fuse in diplodocids, whereas it is numbers 1-3 in Cama- 
rasaurus and Haplocanthosaurus. 

The sacral ribs themselves are expanded craniocaudally at 
their proximal and distal ends. The middle portion is narrower 
and arched upward in cranial view. The point where the proxi- 
mal end of the rib fuses with the sacral centrum is variable. For 
example, in Apatosaurus louisae the ribs of sacrals 1-4 attach to 
the cranial edge of the lateral surface of each centrum and to the 
midlength of the centrum in sacral 5. In Apatosaurus excelsus the 
ribs attach to the midlength of the centra of sacrals 1 and 2 and 
to the entire length in the other sacrals. The distal ends of the 
sacral ribs attach to the lower part of the medial surface of the il- 
ium. Generally the first sacral rib meets the ilium at the base of the 
pubic peduncle. The ribs of sacrals 2-4 fuse together in adults, 
forming a sacrocostal yoke. The latter is a barlike structure that 


lies just above the upper rim of the medial acetabular opening 
and contributes to the articular surface of this area in advanced 
eusauropods and neosauropods (Wilson and Sereno 1998). The 
last sacral rib or ribs attach to the area of the ischial peduncle of 
the ilium. Thus the first and fifth sacral ribs contribute only 
slightly to the sacrocostal yoke. The sacrocostal yoke may have 
been present in even the earliest and most primitive sauropods 
(contra Wilson and Sereno 1998, although these authors note 
the possibility that the absence of a sacrocostal yoke in Shuno- 
saurus may be age-related). For example, Raath (1972) and Cooper 
(1984) reported that the sacral ribs of the last two sacrals in Vul- 
canodon are fused together at their distal ends and that this area 
meets the ilium in the region of the ischial peduncle. Thus, it is 
not the sacrocostal yoke itself but the fact that this yoke con- 
tributes to the articular surface of the acetabulum that represents 
the derived character in Omeisaurus and Neosauropoda. In many 
sacral plates a foramen is formed at both the distal and proximal 
ends. At the proximal end it is surrounded by the transverse pro- 
cess dorsally, the lateral surface of the neural arch medially, the 
centrodiapophyseal lamina laterally, and the sacral rib ventrally. 
Similarly at the distal end, the sacral rib and transverse process 
contact the ilium at separate sites, one vertically above the other, 
with a gap in between. The medial margin of this foramen is 
completed by the lateral edge of the centrodiapophyseal lamina, 
and the lateral margin is formed by the medial surface of the il- 
ium. Within Sauropoda the sacral plates have tended to increase 
in length, so that the width of the sacrum increases to as much 
as four times the average length of the sacral centrum. 

Caudal centra are usually solid and subcylindrical or spool- 
shaped. The proximal caudals of most sauropods are axially 
short compared with their diameter (fig. 13.9), a derived condi- 
tion characterizing most sauropods but reversed in at least some 
lithostrotians. Caudal centra maintain the same absolute length 
over much of the cranial and middle part of the series and thus 
become more elongate as their diameters decrease. In several 
diplodocoids, especially Diplodocus, the centra actually increase 
in absolute length up to approximately caudal 20, and the 
centra of middle caudals are elongate, with a length-height ra- 
tio of at least 2.0. Distal caudals become rodlike structures, and 
in diplodocids and dicraeosaurids these rods may be five to six 
times as long as wide. The plesiomorphic amphicoelous or 
amphiplatyan style of articulation between centra throughout 
the tail is retained in basal eusauropods, cetiosaurids, and basal 
macronarians. Dicraeosaurids and diplodocids develop mild 
procoely in the proximal caudals, with the caudal surfaces of 
the centra becoming slightly convex. In Mamenchisaurus and 
lithostrotians the proximal caudal centra are strongly proco- 
elous with a prominent caudal hemispherical articulation. In 
more advanced lithostrotians this form of procoely extends into 
the middle caudals as well. The first caudal in certain litho- 
strotians, such as Alamosaurus and Neuquensaurus, is biconvex. 
Diplodocids and lithostrotians convergently acquired a termi- 
nal series of biconvex distal caudal centra (Wilson and Sereno 
1998; Wilson et al. 1999a). The ventral surface of the centrum 
is usually flattened or convex transversely. In many forms, such 
as Vulcanodon, Cetiosaurus, Omeisaurus, and Haplocanthosaurus, 
a narrow midline groove is present on the proximal and/or 
proximal-middle caudals. Advanced diplodocids (e.g., Barosaurus 
and Diplodocus) and lithostrotians (e.g., Opisthocoelicaudia and 
Saltasaurus) have wide and deep ventral fossae on their proxi- 
mal caudal centra, but these generally disappear by the middle 
caudals. The ventral margins of the articular surfaces bear sub- 
triangular or semicircular chevron facets, the caudal ones being 
larger than the cranial ones. Such facets are often absent on the 
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FIGURE 13.9. Proximal caudal vertebrae in lateral and cranial views: A, Haplocanthosaurus priscus; B, Brachio- 
saurus brancai; C, Camarasaurus supremus; D, Diplodocus carnegii; E, Apatosaurus excelsus; F, Dicraeosaurus 
hansemanni; G, Alamosaurus sanjuanensis. Scale = 10 cm. (A, D, after Hatcher 1901, 1903c; B, F, after Janensch 
1929a, 1950a; C after Osborn and Mook 1921; E after Gilmore 1936; G after Gilmore 1946b.) 


first caudal centrum, but the exact point at which they appear is 
variable. Similarly, the point at which chevron facets disappear 
toward the end of the tail is also variable, although the small cra- 
nial facets fade out before the larger caudal ones. A few taxa 
(Barosaurus, Diplodocus, and Neuquensaurus) have pleurocoel- 
like openings in the lateral surfaces of the cranial centra that 
lead into complex internal chambers. Caudal centra are usually 
subcircular in outline at their articular ends (fig. 13.9), but may 
be compressed dorsoventrally in the proximal and/or middle 
caudals of various lithostrotians (e.g., Saltasaurus and “Titano- 
saurus” colberti). There also may be a subgroup within Titano- 
sauria that has laterally flattened caudal centra, particularly in 
the middle of the tail, as seen in Titanosaurus indicus and Acolo- 
saurus. Caudal neural arches are generally simple structures and 
display little variation between genera. The arch occupies most 
of the length of the centrum in proximal caudals; however, in 
middle caudals it is usually restricted to the central half of the 
centrum. In Titanosauriformes, however, the arch is shifted 
strongly forward, so that it occupies the cranial half of each cen- 
trum. Distal caudals lack an arch altogether. The prezygapophy- 
ses are long, always projecting beyond the cranial end of the 
centrum. In the proximal caudals the prezygapophyses are trans- 
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versely compressed processes projecting craniodorsally, while in 
the more distal caudals they become subcircular in cross section 
and project mainly forward. Postzygapophyses are represented 
by facets, rather than processes, situated at the base of the neu- 
ral spine. In the proximal caudals of most sauropods these facets 
meet ventrally and merge into a hyposphenal ridge that extends 
to the top of the neural canal opening (Upchurch 1995, 1998), 
although this feature may be secondarily absent in some titano- 
sauriforms (Upchurch and Martin 2003). A small, vertically 
elongate postspinal cavity is located at the base of the neural 
spine in proximal caudals, between the postzygapophyseal facets. 
In most sauropods the caudal neural spines are simple laterally 
compressed plates that project dorsally or curve slightly cau- 
dally toward their summits (fig. 13.9). Diplodocids, dicraeo- 
saurids, and lithostrotians, however, develop a system of lami- 
nae on the proximal caudal neural spines that tend to mimic 
those found on the sacrals and caudal dorsals (Upchurch 1998; 
Wilson 1999). Passing distally along the tail, these laminae de- 
crease in prominence until the neural spines become simple, 
laterally compressed plates. Sauropod caudal neural spines tend 
to become shorter and lean increasingly backward in the middle 
and distal caudals, so that in the most distal caudals the spine is 


directed wholly backward. In certain titanosaurians, however, 
the spines of the middle caudals tend to be square in lateral view 
and project dorsally. Sauropods are derived relative to other dino- 
saurs in that they only possess caudal ribs on the first 14-16 most 
proximal caudal vertebrae. Kotasaurus may have retained the 
more plesiomorphic condition, since ribs are still present on its 
middle caudals (Yadagiri 1988). Caudal ribs are simple processes 
that project caudolaterally and attach to the vertebra close to the 
neurocentral suture. The first caudal rib is often broad and sub- 
triangular in cranial view due to a lamina or ridge that extends 
from the dorsal surface of the rib to the lateral surface of the neu- 
ral arch. Diplodocoids have more complex, fan-shaped ribs on 
the first three to seven caudals. These are subrectangular in out- 
line and mimic the shape of the sacral plates. These fan-shaped 
ribs are probably formed from a genuine rib (i.e., a separate ossi- 
fication) in the ventral portion and a transverse process in the 
dorsal portion, with the intervening space filled by a lamina. 

The hemal arches (chevrons) articulate intervertebrally. 
Cranial chevrons resemble those of other dinosaurs in being 
Y-shaped; that is, the proximal end is formed from two rami, one 
on either side of the hemal canal, while the distal portion is a 
single laterally compressed blade. All basal sauropods and diplo- 
docids except Shunosaurus and Rayososaurus have plesiomor- 
phic cranial chevrons in which the left and right proximal rami 
are linked by a bridge of bone over the hemal canal (Upchurch 
1998). This bridge is absent in the middle chevrons of diplo- 
docoids and in all chevrons of macronarians. Perhaps one of the 
most familiar characters used in sauropod classification is the 
forked or skidlike chevron. Such chevrons develop a cranial 
process from a point just below the hemal canal, so that the 
chevron has an inverted Y shape in lateral view. Passing distally 
along the chevron series, the angle between the arms of this 
Y increases until eventually the cranial and caudal processes 
(the latter perhaps being homologous with the original distal 
blade) are at virtually 180°. This change in angle is more charac- 
teristic of the diplodocoid forked chevrons, whereas basal sauro- 
pods such as Shunosaurus tend to retain the inverted Y shape 
throughout the series. Forked chevrons occur in the middle of 
the tail series, usually first appearing somewhere between cau- 
dals 12 and 20. A ventral slitlike opening on the midline con- 
nects the ventral surface of the chevron to the hemal canal. In 
diplodocoids this slit increases in length until eventually the left 
and right rami lose contact with each other in the most distal 
forked chevrons. The possession of forked chevrons is a derived 
condition and was initially considered to be a synapomorphy 
of the Diplodocoidea (Berman and McIntosh 1978; McIntosh 
1990a). However, the discovery of similar chevrons in various 
Chinese taxa (Shunosaurus, Omeisaurus, and Mamenchisaurus) 
suggested that perhaps this condition had been acquired at least 
twice via convergence (Upchurch 1995). Finally, the discovery 
of this condition in Barapasaurus, combined with remnants of 
the forked condition in Camarasaurus, indicates that this synapo- 
morphy unites Eusauropoda and is subsequently reversed in 
Titanosauriformes (Wilson and Sereno 1998). 

The tissue structure within vertebrae is also variable (Up- 
church 1998; Wilson and Sereno 1998; Wedel et al. 2000). In 
most forms the bone within the centrum and arch has a fine 
spongy texture. In the presacral vertebrae of Titanosauriformes, 
however, there are much larger cancellar spaces between thin 
bone laminae (Upchurch 1998). The cancellar spaces vary in 
size between one and several centimeters in diameter. In more 
advanced titanosaurians this cancellar tissue structure is also 
present in the sacrum, and in Saltasaurus and Neuquensaurus it is 
found in the proximal caudals as well (Powell 1992). 


FIGURE 13.10. Sauropod pectoral girdle and forelimb elements: 

A, Omeisaurus tianfuensis, right scapula in lateral view; B, Alamosaurus 
sanjuanensis, right scapula in lateral view; C, Cetiosaurus oxoniensis, 
right humerus in cranial view; D, Opisthocoelicaudia skarzynskii, right 
humerus in cranial view; E-G, Camarasaurus grandis, left humerus in 
E, lateral, F, proximal, and G, distal views. Scale = 10 cm. (A after He et 
al. 1988; B after Gilmore 1946b; C after Upchurch and Martin 2003; 

D after Borsuk-Bialynicka 1977; E-G after Ostrom and McIntosh 1966.) 


APPENDICULAR SKELETON 


The sauropod scapula has two main portions, a large proximal 
plate and a longer, narrower blade (fig. 13.10). The proximal 
expansion is usually rounded in outline and weakly developed 
in several basal sauropods (e.g., Vulcanodon, Kotasaurus, and 
Shunosaurus) but becomes prominent in more advanced forms, 
so that its dorsoventral width is as much as 50% of the total 
length of the scapula. The lateral surface of the proximal plate 
bears a wide, shallow excavation. The caudal margin of this fossa 
is defined by an acromial ridge in the upper part of the proximal 
plate. This ridge is variable in prominence, being well developed 
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in most neosauropods but faint in the most basal sauropods 
and several Chinese taxa (e.g., Omeisaurus and Mamenchisaurus). 
The caudal surface of this ridge is also excavated in many neo- 
sauropods. The medial surface of the proximal plate is also shal- 
lowly excavated, and the dorsal margin is often thin latero- 
medially, but this part of the scapula rapidly increases in 
transverse thickness ventrally, especially toward the glenoid. 
The glenoid is a subtriangular articular surface that faces cranio- 
ventrally, although in Euhelopus and titanosaurians it is de- 
flected to face slightly medially (Wilson and Sereno 1998). The 
cranial margin of the proximal plate is a roughened irregular 
area that articulates with the coracoid. In lateral view (fig. 13.10) 
the scapular blade is straight and the distal end is variably ex- 
panded. For example, in many diplodocids the scapular blade is 
only slightly expanded at the distal end, whereas those of Ca- 
marasaurus and Brachiosaurus display a noticeable expansion. 
The blade is strongly convex dorsoventrally on its lateral surface, 
with a thicker, more rounded ventral margin and a slightly nar- 
rower, more acute dorsal margin. The medial surface is usually 
flat or slightly convex dorsoventrally. The blade is deflected me- 
dially relative to the proximal plate, so that the medial surface 
of the entire bone is concave and would fit the convex profile of 
the cranial thoracic region. Several titanosaurians possess a ridge- 
like structure situated near the ventral margin of the medial sur- 
face of the blade. Other forms possess a ridge near the dorsal 
margin, and in some cases both ridges are present. 

The coracoid is a large plate sutured to the cranial end of 
the scapula (fig. 13.10). The thickness of the coracoid varies 
from the thin cranial and dorsal margins to the stout caudo- 
ventral margin that contributes to the glenoid. In lateral view 
the glenoid articular surface lies at approximately 90° to that of 
the scapula. In most sauropods the coracoid displays a derived 
condition in which it is smaller than the proximal expansion 
of the scapula and terminates below the dorsal margin of the lat- 
ter. Titanosaurians, however, have reverted to a plesiomorphic 
condition in which the coracoid is large and has a dorsal margin 
level with, or higher than, the dorsal margin of the proximal 
scapular plate. In many sauropods the coracoid has an oval or 
semicircular outline, with the cranial and dorsal margins merg- 
ing smoothly into one another. In several advanced forms, in- 
cluding Apatosaurus and many titanosaurians, however, the 
coracoid develops a quadrangular outline because the cranial 
and dorsal margins meet each other at a more abrupt angle (Up- 
church 1998, 1999). Externally the coracoid is usually strongly 
convex, although in a few cases it is flatter. The medial surface is 
deeply concave. On the ventral margin there is a notch situated 
just in front of the glenoid (fig. 13.10). All sauropod coracoids 
have a foramen running from the external to the medial surface 
that is situated near the contact with the scapula, about midway 
between the dorsal and ventral margins. 

There have been several reports of sauropod clavicles. While 
these elements have been found in the vicinity of the shoulder 
girdle, none were in articulation, making interpretation prob- 
lematic. Indeed, Nopcsa (1905a) suggested that these paired, 
curved elements might represent an os penis, but this idea has 
not received wide acceptance. Fortunately, Sereno et al. (1999) 
have been able to confirm clavicles in Jobaria. Hatcher (1901) 
described two bones, mirror images of each other, found in as- 
sociation with the skeletons of Diplodocus carnegii that he inter- 
preted as clavicles. These are long, slender, curved elements with 
one broader, flattened end and a narrower, more cylindrical end. 
The latter end divides to form two small processes. These ele- 
ments have also been interpreted as sternal ribs, but McIntosh 
(1990a) pointed out that they bear little similarity to the ossified 
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FIGURE 13.11. Sternal plates in ventral view: A, Shunosaurus lii; B, Ce- 
tiosaurus oxoniensis; C, Haplocanthosaurus delfsi; D, Brachiosaurus brancai; 
E, Camarasaurus lentus; F, Opisthocoelicaudia skarzynskii; G, Apatosaurus 
excelsus; H, Diplodocus carnegii; 1, Tornieria africana; J, Alamosaurus 
sanjuanensis; K, Saltasaurus robustus. Scale = 10 cm. (A after Zhang et 

al. 1984; B after Upchurch and Martin 2003; C after McIntosh and 
Williams 1988; D, I, after Janensch 1947, 1950a; E after Gilmore 1925a; 

F after Borsuk-Bialynicka 1977; G after Marsh 1883; H after Hatcher 
1901; J after Gilmore 1946b; K after Huene 1929b.) 


sternal ribs of Apatosaurus (Marsh 1883). Similar but straighter 
elements are known in Shunosaurus (Zhang et al. 1984) and Omei- 
saurus (Dong et al. 1983). 

The paired sternal plates are large and flat (fig. 13.11). It is 
generally accepted that the stout thicker end of each plate 
points forward, as suggested by Marsh (1881d), rather than 
caudally (Hatcher 1901). The dorsal surface is slightly concave, 
while the ventral one is slightly convex. In some cases the ster- 
nal plate has a saddle-shaped contour such that the dorsal sur- 
face is slightly convex transversely, while slightly concave cranio- 
caudally. Sternal plates are particularly large in titanosaurians, 
in which the ratio of the sternal plate length to the humerus 
length is ca. 0.75 (Upchurch 1998). In basal sauropods the ster- 
nal plates are oval or elliptical in outline, whereas in advanced 
diplodocids they become subtriangular. The lateral margin is 
concave in titanosauriform sauropods, mildly in brachiosaurs 
and strongly in titanosaurians. The strongly concave profile of 
the latter is produced, or at least emphasized, by the develop- 
ment ofa large, laterally directed expansion at the caudal end of 
each sternal plate. The net result is that lithostrotians, such as 
Alamosaurus and Opisthocoelicaudia, have kidney-shaped sternal 
plates. The margins of the sternal plates are usually irregular and 
rugose, suggesting that they were connected to cartilage. Sternal 
ribs, if present during life, must have been unossified and are not 
preserved. They probably attached to two or more oval facets or 
rugosities on the caudal margin of each plate (Borsuk-Bialynicka 
1977; McIntosh 1990a). However, Marsh (1883) illustrates ossi- 
fied sternal ribs in Apatosaurus. It is likely that the outer ends of 
these ribs were attached, perhaps via cartilage, to the distal ends 
of the cranial dorsal ribs. 

Sauropods have long forelimbs (75% the length of the hind- 
limb in most forms, reduced to 65% in diplodocids and di- 
craeosaurids) that possess several adaptations for weight bearing 
and quadrupedality. The length of the humerus is 80%-90% of 
the length of the femur, but shorter in diplodocoids and longer 
in brachiosaurids. The humerus (fig. 13.10) is straight in cranial 
view, with transversely expanded extremities. Sauropod humeri 
are robust: the transverse width of the proximal end is at least 
40% of the humerus length. Brachiosaurus and basal titano- 
sauriforms, however, have more elongate and less transversely 
expanded humeri. The proximal end is variably convex with a 
prominent medial projection. In certain lithostrotians, such as 


FIGURE 13.12. Sauropod forelimb elements: A-E, left ulna of Camarasaurus grandis in A, caudal, B, lateral, C, cranial, 

D, proximal, and E, distal views; F-I, right radius of Apatosaurus excelsus in F, cranial, G, lateral, H, proximal, and I, distal 
views; J, right manus of Brachiosaurus brancai in proximal end view; K-M, right manus of K, Shunosaurus lii, L, Brachio- 
saurus brancai, and M, Janenschia robusta, in cranial view. Scale = 10 cm (A-I), 5 cm (J-M). (A-I after Ostrom and McIntosh 
1966; J, L, M, after Janensch 1961; K after Zhang 1988.) 


Saltasaurus and Opisthocoelicaudia, the proximolateral corner of 
this surface develops a low, rounded projection that gives the 
proximal end a sigmoid curvature in cranial view (Upchurch 
1998). The articular portion extends backward and overhangs 
the dorsal part of the caudal surface. Craniocaudally the widest 
part of the proximal end of the humerus, it is usually situated 
about midway between the lateral and medial margins. From 
this area a low, rounded ridge runs down the midline of the 
proximal part of the caudal surface. The deltopectoral crest is 
generally situated on the craniolateral margin of the humerus, 
about one-third of the way down the shaft from the proximal 
end. Sauropods are derived relative to other dinosaurs insofar 
as their deltopectoral crests have been reduced, although this 
has apparently been reversed in brachiosaurids and titanosaurs 
(Wilson and Sereno 1998). The deltopectoral crest expands me- 
dially across the cranial face of the humerus in many titano- 
saurians and is often close to midlength in brachiosaurids. The 
proximal part of the cranial face of the humerus, medial and 
above the deltopectoral crest, is shallowly concave. The shaft of 
the humerus is usually straight, although the proximal part often 
angles slightly caudally in lateral view. The transverse section 
through the shaft, immediately below the deltopectoral crest, is 
ovoid or elliptical, with the long axis extending lateromedially. 
The distal end of the humerus is usually less expanded than the 
proximal end. The long axes of the proximal and distal end sur- 
faces usually lie in approximately the same plane, although 
some torsion of the humerus occurs in certain sauropods. The 
distal part of the caudal surface of the humerus is usually shal- 
lowly concave between two vertical, rounded ridges that de- 
scend to the ulnar and radial condyles, respectively. In many 
titanosaurians this concave area becomes deep, and the ridges 
on either side are sharper and more prominent. The distal part 
of the cranial surface of the humerus is nearly flat or slightly 
convex transversely and marked by two small projections close 


to the midline where this surface meets the distal end itself. The 
distal end is nearly flat, although strongly rugose, in most sauro- 
pods. In titanosaurians the distal articular surface is more convex 
craniocaudally and extends onto the cranial and caudal surfaces 
of the shaft (Wilson and Carrano 1999). 

The sauropod ulna (fig. 13.12) generally lacks an olecranon, 
although a low, rounded process occurs in titanosaurians (Up- 
church 1998; Wilson and Sereno 1998). The proximal end is de- 
rived relative to other dinosaur ulnae because it is triradiate: there 
are prominent craniolateral and craniomedial processes and a 
less well developed caudal process. The craniomedial and cranio- 
lateral processes form a deep cranial groove that receives the prox- 
imal end of the radius. This triradiate structure is transformed 
into a subtriangular transverse cross section at midlength. The 
ulna is most robust at its proximal end, although there is also 
some expansion at the distal end. In lateral view the ulnar shaft 
is usually slightly bowed forward. About one-quarter of the way 
along the shaft from the distal end, on the craniomedial surface, 
there is a raised rugose area that matches a similar area on the 
surface of the radius. This has been interpreted as the attach- 
ment site for ligaments holding the radius and ulna together. 
The distal end of the craniomedial surface is mildly concave and 
received the caudolateral surface of the distal end of the radius. 
The distal end of the ulna is expanded, especially cranio- 
caudally, and oval in outline. The surface itself is convex and 
rugose over most of its extent. The slight curvature of the shaft 
causes the distal end surface to face downward and moderately 
backward relative to a vertical long axis of the entire bone. 

Osborn and Granger (1901) and Hatcher (1903d) believed 
that the radius crossed the ulna, so that the distal end of the 
former lay lateral to the distal end of the latter. However, the 
manner in which these two elements fit together, along with 
more direct evidence from well-preserved Camarasaurus lentus, 
has resulted in this view’s being abandoned. Instead the radius 
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lies in front of, and slightly medial to, the ulna (Wilson and 
Sereno 1998). The radius of sauropods is a simple rodlike bone 
with expanded proximal and distal ends (fig. 13.12). The proxi- 
mal end surface is flat or slightly concave and has an oval out- 
line. The sharper end of this oval projects medially. The shaft of 
the radius is oval or elliptical in transverse cross section and has 
a slight sigmoid curve in cranial view. In lateral view the shaft 
bows a little forward. The distal end of the radius is mildly con- 
vex and slopes at a marked angle relative to the long axis of the 
shaft in cranial view. Sauropods have a derived condition in 
which the distal end of the radius is subrectangular in outline 
with a straight caudal margin (Wilson and Sereno 1998). Titano- 
saurians have robust radii and ulnae (Upchurch 1995, 1998). 

Carpal elements have been found only in a few sauropod 
genera, often not in articulation, and consequently little is 
known about the structure of the wrist. The sauropod carpus 
is composed of three or fewer blocklike distal carpals (Osborn 
1904; McIntosh 1990a; Upchurch 1998; Wilson and Sereno 
1998). Basal sauropods, such as Shunosaurus, have three carpals, 
whereas this number is reduced to two in Camarasaurus and Bra- 
chiosaurus and one in Apatosaurus. So far, no carpals have been 
found in titanosaurians, even in forms such as Opisthocoelicau- 
dia and Alamosaurus, for which well-preserved manus have been 
found in articulation with the rest of the forelimb. Apatosaurus 
had one large carpal covering the proximal ends of meta- 
carpals II-IV. In Apatosaurus louisae the single carpal is a large 
plate, subrectangular in dorsal outline. It is thick along its lateral 
and caudal margins and thins craniomedially. The region of 
greatest dorsoventral thickness runs craniocaudally. The area 
lateral to this becomes thinner and lies underneath the distal 
end of the ulna. Medial to the region of greatest thickness, the 
proximal surface is mildly concave with a roughened cranial 
portion. Gilmore (1936) referred to this bone as the scapho- 
lunar, a combination of the radiale and intermedium, but he 
admitted that it might also represent a fusion of distal carpals 
I-III. Hatcher (1902) described a similar bone in Apatosaurus, but 
with a more circular dorsal outline. The ventral surface is con- 
vex and rugose but smooth. Hatcher also believed this to be a 
scapho-lunar. 

The sauropod manus (fig. 13.12) is composed of five meta- 
carpals that are held vertically to form a tubular or U-shaped 
colonnade. The metacarpals are subequal in length and robust- 
ness, although metacarpal III is the longest in most forms. In 
certain lithostrotians, such as Alamosaurus and Opisthocoelicau- 
dia, however, metacarpals I and IJ are the longest. Basal sauro- 
pods and diplodocoids have short, robust metacarpals whose 
length is less than 40% of that of the radius. In macronarians, 
however, the ratio of the length of metacarpal III to that of the 
radius has increased to 0.45 or more (Wilson and Sereno 1994, 
1998), resulting in long and slender metacarpals. The proximal 
ends of the metacarpals are nearly flat, perhaps becoming slightly 
convex toward their edges. In outline these proximal ends are ir- 
regularly semicircular in metacarpals I and V and more nearly 
subtriangular in metacarpals II-IV. The proximal parts of the 
lateral and medial surfaces of the metacarpal shafts are marked 
by triangular fossae that bear longitudinal striations. Wilson and 
Sereno (1998) suggest that these areas mark ligament attachment 
sites that helped bind the metacarpals into a tight vertical 
bundle. The shafts of the metacarpals are elliptical or subrectan- 
gular in transverse cross section. The distal ends are expanded 
transversely and form two weakly developed distal articular 
condyles. Poor preservation of the manus of basal sauropods, 
such as Vulcanodon, has obscured the early stages in manus evo- 
lution, and there has been some debate concerning the first 
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appearance of the characteristic tubular metacarpal arrange- 
ment. Wilson and Sereno (1998) suggested that this derived 
condition represents a synapomorphy of Neosauropoda, whereas 
Upchurch (1998) suggested that the manus of Shunosaurus and 
Omeisaurus also possessed an advanced structure. The view that 
advanced tubular manus appear early in sauropod evolution is 
supported by several new lines of evidence. For example, Cetio- 
saurus has metacarpals with subtriangular proximal ends that 
would have articulated in a tubular fashion. The placement 
of this Middle Jurassic English form well outside Neosauropoda 
(fig. 13.18) suggests that we should expect to see tubular manus 
in Barapasaurus, Patagosaurus, Omeisaurus, and Mamenchisaurus. 
Furthermore, Early Jurassic trackways display the characteristic 
U-shaped manus prints that are generally regarded as belonging 
to sauropods (Upchurch 1994b and references therein). 

The sauropod manus displays a trend toward phalangeal re- 
duction. The manual phalangeal formula is 2-2-2-2-1 in basal 
forms such as Shunosaurus and 2-1-1-1-1in many neosauropods, 
such as Apatosaurus and Camarasaurus, and there is some indi- 
cation that titanosaurians lacked any phalanges whatsoever 
(Salgado et al. 1997a). The most proximal phalanges are usually 
subrectangular in dorsal view, although phalanx I-1 is often 
more wedge-shaped because it tapers toward the medial end. 
The flat or slightly concave proximal articular ends are sub- 
circular in outline. Distally the phalanges rapidly decrease in 
dorsoventral thickness and widen transversely to form two 
rounded articular condyles that are separated on the midline by 
a well-marked intercondylar groove. Phalanx I-2 is a large un- 
gual claw in most sauropods, although it is reduced in Brachio- 
saurus and may have been absent in titanosaurians. This claw is 
compressed transversely and wide dorsoventrally. It has an 
elliptical proximal articular surface and curves and tapers to a 
rounded distal tip. This ungual can be distinguished from the 
superficially similar unguals of pedal digits I-III because it is 
larger, less compressed transversely at its proximal end, and less 
strongly curved in lateral view. The orientation of the condyles 
on the distal ends of metacarpal I and phalanx I-1 suggest that 
the claw could be lifted away from the substrate to lie close to 
metacarpal I or flexed such that it would have been pushed well 
below the level of the distal ends of the metacarpals (Upchurch 
1994b). Other phalanges from the second row, if present, are 
usually rudimentary and globular with no distinct features. 

The ilium is formed from a stout plate that is oriented in a 
parasagittal plane (fig. 13.13). The cranial third or half of this 
plate forms a prominent process that is curved and subtriangular 
in outline in most sauropods but becomes more lobe-shaped in 
titanosauriforms (Salgado et al. 1997a; Upchurch 1998). This 
process is directed cranially in basal sauropods, but in neosauro- 
pods it is deflected craniolaterally (fig. 13.8; Wilson and Sereno 
1998). In many titanosaurians the cranial process also curves 
strongly outward to form a near horizontal platform (McIntosh 
1990a; Salgado et al. 1997a). The pubic process is prominent and 
projects cranioventrally. In horizontal cross section this process 
has a crescentic or semicircular outline. The ischial peduncle is 
reduced relative to those in the ilia of other dinosaurs. This 
is particularly true in neosauropods, resulting in the impression 
that the long axis of the main part of the ilium is directed 
strongly craniodorsally. The dorsal margin of the ilium is strongly 
convex in lateral view (Gauthier 1986). The medial surface fre- 
quently bears scars where sacral plates attached and formed the 
sacrocostal yoke. Sauropods are derived relative to other saur- 
ischians in that they lack a brevis shelf and fossa. 

The sauropod pubis (fig. 13.13) is generally a broad, robust el- 
ement. The pubis is shorter than the ischium in most sauropods, 


FIGURE 13.13. Sauropod pelvic elements: A, right ilium, pubis, and ischium forming composite pelvic girdle of Patago- 
saurus fariasi; B, C, right ilium of B, Dicraeosaurus hansemanni, and C, Brachiosaurus brancai, in lateral view; D, E, left 
pubis of D, Dicraeosaurus sattleri, and E, Brachiosaurus brancai, in lateral view; F, G, left ischium of F, Dicraeosaurus satt- 
leri, and G, Brachiosaurus brancai, in lateral view. Scale = 10 cm. (A after Bonaparte 1986b; B-G after Janensch 1961.) 


although many titanosaurians reverse this condition via a de- 
crease in the length of the ischium. The proximal end lies in 
approximately the same plane (i.e., a craniolateral-caudomedial 
plane) as the middle and distal portions, so the sauropod pubis 
(except those of plesiomorphic forms such as Vulcanodon) lacks 
the transverse apronlike structure found in other basal saurischi- 
ans. The middle and distal parts of the pubes generally articulate 
with each other along the midline, forming a cranioventrally 
sloping trough. The proximal end of the pubis has a shallowly 
concave articular surface for the pubic process of the ilium. Im- 
mediately cranial to this articulation in dicraeosaurids and 
diplodocids is a prominent hook-shaped ambiens process. The 
acetabular surface lies immediately behind the iliac articulation. 
The upper part of the caudal margin of the pubis gives rise to 
an ischial articulation, which is a transversely compressed, verti- 
cally elongate plate. The length of this plate is usually approxi- 


mately 33% of that of the pubis, but this proportion increases 
to 45%-50% in camarasauromorph sauropods (Salgado et al. 
1997a; Wilson and Sereno 1998). The proximal part of the pubis 
is pierced by a pubic foramen that is entirely ringed by bone in 
all individuals except juveniles. The horizontal cross section 
through the middle part of the pubic shaft is generally teardrop- 
shaped, with a broad, rounded craniolateral margin, a promi- 
nent rounded ridge extending down the cranial part of the caudo- 
lateral surface, and a thin caudomedial margin. The distal end of 
the pubis is expanded and has a strongly convex termination. 
The sauropod ischium is formed from a broad proximal plate 
anda long slender distal shaft (fig. 13.13). The former carries the 
pubic and iliac articulations and a portion of the acetabulum. 
The pubic process is formed from a transversely narrow, dorso- 
ventrally tall plate. In cranial view the articular surface is a 
long, slender crescent tapering more toward its ventral end than 
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toward its dorsal end. As expected, the relative length of this 
articulation is increased in camarasauromorphs to match the 
increased length of the ischial articulation of the pubis. Above 
the pubic process lies the arc of the acetabular margin. The lat- 
eral edge of this area curves smoothly into the lateral face of the 
proximal plate; the medial edge, however, forms a sharp ridge 
projecting craniomedially. The iliac process is a tall, stout pro- 
jection from the dorsal part of the proximal plate. Its cranial 
edge forms much of the caudal margin of the acetabulum. Its 
horizontal cross section varies among taxa but is generally sub- 
quadrangular. The shaft of the ischium projects downward and 
backward. In most sauropods the long axis of the shaft, if ex- 
trapolated forward, passes through the pubic articulation or the 
lower part of the acetabular margin. However, in Brachiosaurus 
and Lapparentosaurus the shaft is much more steeply inclined. 
The ischial shaft is compressed transversely in basal sauropods, 
with a rounded dorsal margin and a more acute ventral margin. 
A prominent V-shaped groove extends along the dorsal midline 
where the two shafts articulate. In camarasauromorph sauro- 
pods the shaft is rotated relative to the proximal plate, so that 
the long axes of the distal ends are coplanar (Wilson and Sereno 
1998). Sauropods are derived insofar as the distal end of the is- 
chial shaft is broad (i.e., its maximum diameter is at least three 
times the thickness measured perpendicular to that diameter). 
Diplodocids have expanded distal ends, particularly along the 
dorsal margin of the ischial shaft. There is a trend toward short- 
ening and widening of the ischial shaft in titanosaurians, and 
the left and right ischia were probably co-ossified throughout 
their length in such forms. Indeed, in Opisthocoelicaudia and 
possibly Alamosaurus the pubes and ischia unite in such a way as 
to obliterate the opening normally found in the floor of the 
pelvis (Upchurch 1998). 

The sauropod femur is straight, with little or no sign of a 
sigmoid curve in either lateral or cranial views (fig. 13.14). The 
proximal articular head is a prominent, rounded, dorsomedially 
directed process that is usually wider craniocaudally than the 
greater trochanter. The articular head is not separated from 
the greater trochanter by a distinct neck. The cranial trochanter 
is reduced to a low ridge in basal sauropods and is generally to- 
tally absent in more derived forms. The femoral shaft is com- 
pressed craniocaudally and has an elliptical or subrectangular 
horizontal cross section. In Titanosauriformes there is a distinct 
prominence on the lateral margin of the femoral shaft, just be- 
low the level of the proximal end (Salgado et al. 1997a; Upchurch 
1998; Wilson and Sereno 1998). Wilson and Sereno (1998) de- 
scribed this feature in terms of a medial deflection of the proxi- 
mal third of the femur. The fourth trochanter is reduced to alow, 
rounded ridge in all but the most basal sauropods and is gener- 
ally situated at midlength on the caudomedial margin of the 
shaft. A few sauropods, including Patagosaurus and various Juras- 
sic Chinese taxa, have more prominent fourth trochanters that 
are placed close to the midline of the caudal surface of the shaft. 
Juvenile sauropods and some titanosaurians have fourth 
trochanters placed a little above the midlength of the femoral 
shaft. The distal end of the femur forms distinct articular 
condyles for the fibula and tibia that are separated from each 
other by a distinct intercondylar groove. The articular surface is 
particularly convex craniocaudally, especially in titanosaurians. 
A vertical groove or excavation on the caudolateral part of the 
distal end of the femur divides the fibular condyle into a main 
craniolateral portion and a narrower caudally directed portion. 

The straight tibia has expanded proximal and distal ends and 
a slender central shaft (fig. 13.15). The proximal articular surface 
is flat or shallowly concave. In basal eusauropods this articular 
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surface is compressed transversely, whereas in Neosauropoda 
the transverse and craniocaudal diameters are more subequal, 
producing a subcircular outline (Wilson and Sereno 1998). The 
craniolateral corner of the proximal end bears the cnemial pro- 
cess, which is a vertically elongate ridge projecting mainly later- 
ally. The lateral margin of the proximal end expands strongly, 
especially in neosauropods, forming a vertical groove between 
its cranial face and the caudal face of the cnemial crest. The me- 
dial surface of the proximal end of the fibula fits against this lat- 
eral expansion, with its cranial margin fitting into the groove 
described above. The shaft of the tibia is usually semicircular in 
cross section, with a flat caudolateral surface and convex cranial 
and medial surfaces. This creates a sharp craniolateral margin that 
extends up to the underside of the cnemial crest. The distal end 
is less expanded than the proximal and is roughly triangular in 
distal view. In basal eusauropods and titanosaurs the distal end 
is compressed craniocaudally, whereas in most neosauropods its 
transverse and craniocaudal diameters are subequal (Salgado et 
al. 1997 ; see also the cladistic analysis presented here). 

The cranial surface of the distal end isa flat or slightly concave 
triangular area. The lateral and medial malleoli are separated 
from each other by a vertical groove extending up the caudo- 
lateral surface of the distal end. The medial malleolus projects 
more distally than the lateral one, although the former is reduced 
in size in sauropods, so that the caudal fossa of the astragalus is 
exposed in caudal view (Wilson and Sereno 1998). 

The fibula is straight and far more slender than the tibia (fig. 
13.15). It is also a little longer than the tibia, its distal end ex- 
tending more ventrally to compensate for the reduction or loss 
of the calcaneum. The proximal end of the fibula is elongate 
craniocaudally and flattened transversely. The lateral surface is 
convex, whereas the medial surface is concave and bears a stri- 
ated triangular scar for attachment to the lateral crest of the tibia 
(Wilson and Sereno 1998). The lateral surface of the shaft shows 
a prominent muscle scar at approximately midlength; this is a 
derived condition characterizing a clade containing Barapa- 
saurus, Omeisaurus, and Neosauropoda (Wilson and Sereno 1998). 
Toward the distal end the fibula again expands, often producing 
a sharp ridge along the lower part of the cranial margin. The dis- 
tal end surface is convex in most genera, although it is appar- 
ently flat in Opisthocoelicaudia, and expands medially to fit into 
a concave area on the lateral surface of the astragalus. 

The sauropod ankle is formed from two proximal tarsals, the 
astragalus and the calcaneum, although the calcaneum is ap- 
parently lost in some more advanced forms. Among sauropods 
only Blikanasaurus has ossified distal tarsals. The astragalus (fig. 
13.16) is a large irregular bone made up of a main portion and an 
ascending process on the dorsal surface of the former. The ven- 
tral surface of the astragalus is convex both transversely and 
craniocaudally in most sauropods, although in the most plesio- 
morphic forms this area can be flat or slightly concave trans- 
versely. In basal sauropods the astragalus maintains its dorso- 
ventral width throughout its transverse length, but in advanced 
eusauropods and neosauropods it tends to decrease in vertical 
thickness toward its medial edge (Wilson and Sereno 1998). The 
cranial surface of the astragalus lacks the fossa and foramina 
found in other dinosaurs (Wilson and Sereno 1998). In dorsal 
view the astragalus tends to narrow craniocaudally toward its 
medial end in most sauropods (Upchurch 1998). The ascending 
process, subrectangular in dorsal view, is located close to the lat- 
eral end of the main part of the astragalus. The lateral face of this 
process descends steeply into a smooth concave area that re- 
ceives the medial projection of the distal end of the fibula. Me- 
dial to the ascending process the main part of the astragalus has 


FIGURE 13.14. Right sauropod femora: A-E, Brachiosaurus brancai, in A, caudal, B, cranial, C, medial, D, proximal, 
and E, distal views; F-H, Dicraeosaurus hansemanni, in F, caudal, G, cranial, and H, medial views. Scale = 20 cm. 


(After Janensch 1961.) 


a broad flat area, or caudal fossa, which is divided into medial 
and lateral portions by a ridge that descends from the caudo- 
medial corner of the ascending process. The ascending process 
terminates some distance in front of the caudal margin of the 
astragalus in basal sauropods, but in Neosauropoda this process 
extends to the caudal margin (Wilson and Sereno 1998). The 
calcaneum is present in basal eusauropods, Camarasaurus, and 
brachiosaurids. The absence of the calcaneum has been claimed 
to be a synapomorphy of Diplodocidae (McIntosh 1990a), but a 


recent discovery suggests that this element was ossified in at least 
some diplodocids (Bonnan 2000). The calcaneum is a generally 
globular rugose element. In brachiosaurids it is subrectangular 
in dorsal view and has a mildly concave proximal articular sur- 
face that contacts the fibula. 

The pes (fig. 13.17) retains all five digits. The metatarsals are 
robust, and in all sauropods except basal forms such as Blikana- 
saurus and Vulcanodon they have a spreading morphology; that 
is, they diverge toward their distal ends (Wilson and Sereno 
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FIGURE 13.15. Right tibia and fibula of Brachiosaurus brancai: A-E, tibia in A, lateral, B, medial, C, cranial, D, proximal, 
and E, distal views; F-J, fibula in F, lateral, G, medial, H, cranial, I, proximal, and J, distal views. Scale = 10 cm. (After 


Janensch 1961.) 


1998). The pes becomes asymmetrical in more advanced sauro- 
pods, with metatarsals increasing in robustness toward meta- 
tarsal I. The metatarsals form a semidigitigrade foot, with their 
long axes directed cranioventrally and their proximal ends and 
ventral surfaces perhaps supported by a fleshy pad in life (Bird 
1944a, 1944b; Norman 1985; Farlow et al. 1989). In proximal 
view the metatarsals lie side by side to form a slightly upwardly 
arched structure. Metatarsal I is the shortest and most robust 
metatarsal, having a proximal width at least 67% of its maxi- 
mum proximodistal length (fig. 13.17) in all sauropods except 
Blikanasaurus and Vulcanodon. Its proximal end has a D-shaped 
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outline, with the straight (or slightly concave) side of this D fac- 
ing laterally. The distal end forms two prominent condyles, and 
there may be a blunt but prominent laterodistal process in cer- 
tain sauropods (diplodocoids, brachiosaurids, and Chinese forms 
such as Shunosaurus and Omeisaurus [Upchurch 1998]). In sev- 
eral diplodocids there is a small longitudinal rugosity situated 
on the dorsolateral margin of the shaft, close to the distal end. 
Similar rugosities are also present on metatarsals II and III. The 
distal end of metatarsal I is set at an oblique angle to the long axis 
of the shaft, so that the lateral part projects more distally than 
the medial part. The proximal end of metatarsal II has a charac- 


FIGURE 13.16. Left astragalus of Camarasaurus grandis in A, caudal, B, 
cranial, C, lateral, and D, dorsal views. Scale = 10 cm. (After Ostrom and 
McIntosh 1966.) 


teristic trapezoidal or subrectangular outline. The dorsal and 
ventral margins are short, while the lateral and medial margins 
are longer and slightly concave, the latter feature being most 
marked on the lateral margin. The shaft is more slender but 
longer than in metatarsal I. As in metatarsals II] and IV, the distal 
end of metatarsal II is formed into lateral and medial condyles. 
Although the lateral condyle tends to project a little more ven- 
trally and distally than the medial one, the asymmetry of the 
distal end is not as marked in the central three metatarsals as it 
is in metatarsal I. The distal ends of the lateral and medial sur- 
faces of the shafts are marked by shallow concave areas, but the 
deep collateral ligament pits and ventral selvages observed in 
prosauropods are absent in all sauropods except basal forms such 
as Vulcanodon. Metatarsal IV has a distinctively subtriangular 
proximal end. Metatarsal V has the funnel-shaped dorsal profile 
also seen in prosauropods, with a transversely widened proxi- 
mal end and anarrow distal end. The ventral surface is flat, while 
the dorsal surface is convex transversely. The distal end lacks 
distinct articular condyles. Metatarsal V is large in sauropods, 
having increased in length from less then 50% to more than 
75% of the length of metatarsal III. The pedal phalangeal for- 
mula in sauropods is 2-3-4-2-1, although in basal forms such as 
Shunosaurus and Mamenchisaurus there are three phalanges on 
pedal digit IV. Pedal phalanx I-1 is wide dorsoventrally and 
transversely but shorter proximodistally. It is often wedge-shaped 
in dorsal view, narrowing toward its lateral margin. This mor- 
phology is partly responsible for the craniolateral orientation of 
the ungual phalanx. The proximal articular surface is shallowly 
concave. In diplodocids this surface is extended proximally by a 
thin sheet of bone along the proximoventral margin that pro- 
jects beneath the distal end of metatarsal I. The distal end bears 
lateral and medial condyles separated on the midline by a verti- 
cal intercondylar groove. The lateral condyle is larger but less 
convex than the medial one. Phalanx II-1 is usually the largest 
of the nonungual pedal phalanges. Most such phalanges display 
some asymmetry in transverse section, with a steep, nearly ver- 
tical medial surface and a dorsal surface that slopes gently and 
smoothly into the lateral surface. The lateroventral margin there- 
fore takes the form of a sharp ridge. The medial condyle, as in 
phalanx I-1, is larger and projects more distally than the lateral 
one, so that the ungual would have been deflected craniolater- 
ally. The most proximal phalanges of pedal digits III and IV are 
similar to, but smaller than, that of digit Il. When present, pha- 
lanx V-1 is generally reduced to a hemispherical element with a 
flat proximal surface. Those of Shunosaurus and Mamenchisaurus, 


however, are less reduced. The remaining nonungual phalanges 
are smaller versions of the proximal phalanges (particularly 
phalanges II-2 and III-2), while the penultimate phalanges on 
digits II and IV are rudimentary and highly reduced. Phalanx II-2 
has an unusual morphology in diplodocids. Rather than being 
subrectangular in dorsal view as in most sauropods, the diplo- 
docid phalanx II-2 is short proximodistally and wedge-shaped 
with a thin lateral margin in dorsal view (Upchurch 1998). Un- 
guals are normally present on pedal digits I-III. The claws are 
strongly compressed transversely, wide dorsoventrally at the 
proximal end, and recurved in lateral view. Wilson and Sereno 
(1998) note that the lateral compression of the unguals on 
digits II and III is a derived condition uniting Eusauropoda. 


Integument and Armor 


Little is known about the integument of most sauropods. The 
first discovery of a skin impression was made by Mantell (1852). 
This skin impression was found in close association with the 
elbow region of the forelimb of Pelorosaurus becklesii (a titano- 
saurian nomen dubium from the Early Cretaceous of West Sussex, 
England). The impression indicates that the skin was covered 
with close-packed polygonal ossicles, each between one and a 
few centimeters in diameter. 

Depéret’s (1896) claim that an osteoderm found with litho- 
strotian caudals in Madagascar was that of a sauropod was 
largely ignored until incontrovertible evidence of the associa- 
tion of several kinds of osteoderms with the Argentinean titano- 
saur Saltasaurus was reported by Bonaparte and Powell (1980). 
Since then osteoderms have been found associated with a 
number of other lithostrotians from South America, Europe, and 
Africa (Jacobs et al. 1993; Le Loeuff 1995; Dodson et al. 1998; 
Bonaparte 1999b; Csiki 2000; Curry Rogers and Forster 2001), 
which suggests that many, if not all, lithostrotians were armored. 

In Saltasaurus (Bonaparte and Powell 1980) the osteoderms 
are of two forms: dermal plates 10-11 cm in diameter and ossicles 
6-7 mm across, the latter being reminiscent of those in Peloro- 
saurus becklesii (a titanosaurian nomen dubium). The rare plates, 
whose position is not known with certainty, are oval to circular in 
outline. Their dorsal surfaces are rugose and bear a low but sharp 
keel; their ventral surfaces are described as smooth, concave in 
some, with a median ridge in others. The irregularly shaped 
ossicles, outwardly convex, are tightly packed and apparently 
covered the dorsal and lateral parts of the body. A third kind 
of ossification, typified by the material from Spain (and Ar- 
gentinean material referred by Huene [1929b] to the supposed 
nodosaurid Loricosaurus scutatus), can be differentiated from the 
true armor of nodosaurids by its well-developed cingulum, its 
nodulous surface texture (without pattern), and the appearance 
of internal canals (Sanz and Buscalioni 1987). 

Armor was not restricted to Titanosauria. Czerkas (1992, 1994) 
reported keratinous spines apparently positioned at intervals 
along the dorsal surface of an unnamed diplodocid. Portions 
of skin were also associated with the distal whiplash part of the 
tail (Czerkas 1992). 


Systematics and Evolution 


In recent years a number of studies have examined sauropod 
evolutionary relationships using cladistic analysis (Russell and 
Zheng 1993; Upchurch 1994a, 1995, 1998, 1999; Calvo and 
Salgado 1995; Salgado et al. 1997a; Wilson and Sereno 1998; 
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FIGURE 13.17. Left pedes of A, Shunosaurus lii, and B, Pleurocoelus sp., in craniodorsal view. Scale = 10 cm. (A after 


Zhang 1988; B after Gallup 1989.) 


Wilkinson et al. 2000; Curry Rogers and Forster 2001). Compar- 
ison and evaluation of the results of these various studies is dif- 
ficult because of variation in character selection and coding, as 
well as the numbers of taxa sampled (Wilkinson et al. 2000). The 
current study presents a new data matrix of 309 characters for 
41 sauropod genera and 6 outgroups based on a synthesis of 
the data sets presented by Upchurch (1998, 1999) and Wilson 
and Sereno (1998). Further characters were also added from Curry 
Rogers and Forster (2001) and Upchurch (pers. obs.). 

The 309 characters pertain solely to variation within Sauro- 
poda. Outgroup relationships were constrained to one of two 
topologies, reflecting current opinions on dinosaur phylogeny. 
These constrained outgroup relationships are as follows: Herrera- 
saurus is the sister taxon to Neotheropoda (constraint A); and 
Herrerasaurus is the sister taxon to Saurischia (constraint B). This 
reflects current uncertainty surrounding the relationships of 
Herrerasaurus (although see Langer, this vol.). The relationships 
between other outgroups are shown in figure 13.18. Whether 
one uses constraint A or constraint B to analyze the data matrix 
does not affect the results regarding sauropod relationships. 

The data matrix was analyzed using the Heuristic Search op- 
tion (simple addition sequence) in PAUP*4.0 (Swofford 2000). 
This analysis found 1,056 most parsimonious trees with the fol- 
lowing statistics: tree length = 647; CI = 0.514; RI = 0.789; RCI = 
0.405. Application of reduced consensus methods (Wilkinson 
1994) indicated that 36 of the 41 sauropod genera share the same 
relationships across all 1,056 most parsimonious trees; that is, a 
posteriori deletion of five taxa (Andesaurus, Argentinosaurus, Lap- 
parentosaurus, Nigersaurus, and the Texan “Pleurocoelus” mate- 
rial) produces a single fully resolved tree topology (fig. 13.18). 

A bootstrap analysis (2,000 replicates) using the Heuristic 
Search in PAUP*4.0 (Swofford 2000) produced low support val- 
ues for most clades in the most parsimonious trees (fig. 13.18). 
This poor performance strongly reflects unstable taxa, such as 
Andesaurus, Argentinosaurus, Lapparentosaurus, Nigersaurus, and 
“Pleurocoelus-tex,” which occupy many different positions in 
the 1,056 most parsimonious trees. Nevertheless, a few clades 
receive strong support, including some of the basal sauropod 
nodes and several within Diplodocoidea. 

Upchurch (1998) and Wilkinson et al. (2000) applied a range 
of tests to an earlier version of the current data matrix. These 
tests included bootstrapping, Decay and Double Decay Analysis, 
and randomization tests. 
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The reduced consensus tree (fig. 13.18) contains many rela- 
tionships that have been suggested by previous analyses, in- 
cluding the recovery of monophyletic Sauropoda, Eusauropoda, 
Neosauropoda, Diplodocoidea, Dicraeosauridae, Diplodocidae, 
Macronaria, Titanosauriformes, Brachiosauridae and Titano- 
sauria. The monophyletic Euhelopodidae containing various 
Chinese taxa, proposed by Upchurch (1995, 1998), has now bro- 
ken down and is a polyphyletic assemblage of basal sauropods. 
The relationships among Vulcanodon, Shunosaurus, Barapasaurus, 
Omeisaurus, and Neosauropoda in the reduced consensus tree 
are identical to those found by Wilson and Sereno (1998), sug- 
gesting that studies of sauropod phylogeny are beginning to 
converge on a consensus of the broad outline of sauropod evo- 
lutionary relationships. There are, however, several taxa whose 
positions are unexpected or remain controversial. For exam- 
ple, Euhelopus is placed outside of Neosauropoda in figure 13.18, 
whereas Wilson and Sereno (1998) suggested that it represents 
the sister taxon to Titanosauria. Jobaria is placed in a mono- 
phyletic clade with Bellusaurus and Atlasaurus, at the base of 
Macronaria, whereas Sereno et al. (1999) consider Jobaria to 
be closely related to, but outside of, Neosauropoda. Haplocan- 
thosaurus remains problematic, with the current analysis plac- 
ing it in another novel position (Upchurch 1998; Wilkinson 
et al. 2000). This genus has been considered to be a non- 
neosauropod, a basal diplodocid, and a basal macronarian but 
now is considered a more derived macronarian, closer to Titano- 
sauriformes than is Camarasaurus. It is hoped that new, more 
complete material from northeastern Utah will yield more char- 
acter data that will help to resolve this problem (Bilbey et al. 
2000). Finally, it is interesting that Cetiosaurus is placed farther 
from Neosauropoda than in the analysis by Upchurch (1998, 
1999) and Upchurch and Martin (2002). Furthermore, Cetio- 
saurus forms part of a monophyletic group that also includes 
Patagosaurus and Barapasaurus, suggesting that it may be useful 
to revive Cetiosauridae for those taxa more closely related to 
Cetiosaurus than to neosauropods. 

The genus-level review that follows is organized using the 
classification scheme proposed by Wilson and Sereno (1998), 
modified to take into account the topology of the reduced con- 
sensus tree shown in figure 13.18. The diagnoses of higher taxa 
are based on the distribution of characters on the reduced con- 
sensus tree as determined using the delayed transformation op- 
timization (DELTRAN) of PAUP*4.0 (Swofford 2000). It should 
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FIGURE 13.18. Reduced consensus cladogram produced by the a posteriori deletion of Andesaurus, Ar- 
gentinosaurus, Lapparentosaurus, Nigersaurus, and “Pleurocoelus-tex” from the 1,056 most parsimonious 
trees. Initial analysis was a Heuristic Search, using PAUP*4.0, of a data matrix comprising 309 characters 
for six outgroups and 41 sauropod genera. This analysis produced 1,056 most parsimonious trees, each 
647 steps long. Tree length = 623; CI = 0.514; RI= 0.789; RCI = 0.405. Bootstrap values were calculated 
using 2,000 replicates, Heuristic Search, in PAUP*4.0. All nodes with percentages above 50% are marked 
on the cladogram. Note that the operational taxonomic unit Titanosaurus is based solely on “T.” colberti 


even though this particular species may not ultimately be referable to Titanosaurus (see Wilson and 
Upchurch 2003). The major clade names are shown in this figure: those marked with an asterisk are 
node-based names; those without an asterisk are stem-based names. 


be noted that for many of the genera listed below, their position 
in the classification and their validity at the generic level are 
often provisional. Within each section of the classification gen- 
era are listed in alphabetical order. Only characters with a Cl 
value of 1.0 are used in the diagnoses, unless otherwise stated. 

Sauropoda is defined and diagnosed at the beginning of this 
chapter. The following genera are regarded as basal Sauropoda 
(i.e., noneusauropod sauropods): 

Blikanasaurus is diagnosed by a single apomorphy: the distal 
end of the fibula facing strongly ventromedially. Only the tibia, 


fibula, tarsus, and pes of a left hindlimb from the Lower Elliot 
Formation of South Africa are known for Blikanasaurus (Charig 
et al. 1965; Galton and Heerden 1985, 1998). This material has 
previously been regarded as an unusual and heavily built pro- 
sauropod. According to the cladistic analysis presented by Gal- 
ton and Upchurch (this vol.), however, Blikanasaurus is the most 
basal sauropod. If correct, this would mean that there are osteo- 
logical remains of at least two Late Triassic sauropods, Blikana- 
saurus itself and Isanosaurus. Blikanasaurus material yields only a 
small number of characters relevant to sauropodomorph phylo- 
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genetic relationships, and its position at the base of Sauropoda 
should therefore be regarded with caution. 

Gongxianosaurus is as yet too poorly known to be diagnosed. 
It is retained as a potentially valid taxon, however, because it is 
an extremely primitive sauropod, lacking many sauropod synapo- 
morphies (e.g., the strong convex outline to the dorsal margin 
of the ilium). What is presently known of Gongxianosaurus 
consists of a postcranial skeleton from the Ziliujing Formation, 
Sichuan, People’s Republic of China. He et al. (1998) considered 
Gongxianosaurus to be a prosauropod because prosauropods 
were thought to be paraphyletic. It cannot be confirmed that 
Gongxianosaurus is a sauropod, although it is large for a pro- 
sauropod (14 m body length) and has long forelimbs. Other po- 
tential sauropod synapomorphies include the short pubis (sub- 
equal to the ischium in length) and a femur that is straight in 
lateral view and substantially longer than the tibia. Apart from 
the skull, represented by the premaxilla and teeth, the skeleton 
is well preserved, making Gongxianosaurus one of the most com- 
plete Early Jurassic sauropods and potentially offering important 
data for future phylogenetic analyses. 

Isanosaurus is diagnosed by a prominent process (?cranial 
trochanter) projecting laterally from the proximal end of the 
femur, making the lateral margin of the femoral shaft strongly 
concave in cranial view, and a large femoral fourth trochanter 
with a sigmoid curvature. Isanosaurus is presently known only 
from an associated cervical, a dorsal, and six caudal centra, a 
caudal dorsal neural arch, fragmentary ribs, two chevrons, a right 
sternal plate and scapula, and a left femur from the Nam Phong 
Formation, Changwat Khonkaen, Thailand (Buffetaut et al. 
2000). Isanosaurus was the first sauropod to be recognized from 
the Late Triassic (but see above on Blikanasaurus). The precise 
phylogenetic relationships of Isanosaurus have not been deter- 
mined by any published cladistic analysis. Its status as a primi- 
tive (but not necessarily the most primitive) sauropod is sup- 
ported by various characters, including opisthocoelous cervical 
centra and the straight craniocaudally compressed femoral shaft. 

Kotasaurus is diagnosed by a long, low preacetabular process 
of the ilium that maintains its dorsoventral width over its entire 
length. Originally based on an ilium, there is a large amount 
of disarticulated postcranial material, including vertebrae and 
limb elements of more than 12 individuals from the Kota Forma- 
tion, Pranhita-Godavari Valley, Andhra Pradesh, India (Yadagiri 
1988, 2001). The current cladistic analysis represents the first 
attempt to incorporate Kotasaurus in a phylogenetic study. The 
results (fig. 13.18) suggest that Kotasaurus is a primitive sauropod 
lying outside Eusauropoda as defined below. 

Ohmdenosaurus is diagnosed by a distinct cavity on the ven- 
tral surface of the astragalus. O. liasicus is presently known from 
a tibia and astragalus from the Toarcian of Germany (Wild 1978). 
The status of this taxon as a valid genus and species and its place- 
ment outside Eusauropoda should be treated as provisional. 

Vulcanodon is diagnosed by a proximal end of metatarsal II 
that is transversely narrower than any other part of the meta- 
tarsal and unguals for pedal digits II and HI with dorsoventrally 
compressed proximal articular surfaces such that their breadth 
exceeds their height (Wilson and Sereno 1998). V. karibaensis 
is presently known from a partial skeleton from the Early Juras- 
sic of Zimbabwe (Raath 1972). A referred scapula (Cooper 1984) 
should be treated with caution because no autapomorphic fea- 
tures are currently recognized in this region of Vulcanodon. This 
taxon was originally identified as a prosauropod by Raath (1972) 
but was demonstrated to be more closely related to sauropods by 
Cruickshank (1975) and Cooper (1984), a conclusion that has 
subsequently been supported by cladistic analyses. Until the 
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recent discovery of Late Triassic sauropods (e.g., Isanosaurus and 
Blikanasaurus), Vulcanodon represented the earliest known sauro- 
pod. This taxon remains of particular interest because it is the 
most primitive known sauropod, retaining many plesiomorphic 
characters not present in other forms. For example, the middle 
and distal portions of the pubes form a transverse apronlike 
structure similar to that found in prosauropods, and metatarsal 
I has not become short and robust. 

The following are Sauropoda incertae sedis (i.e., sauropods of 
currently unknown affinities): 

“Apatosaurus” minimus is known solely from a sacrum and 
pelvis from the Morrison Formation of Wyoming (Mook 1917a; 
McIntosh 1990a). McIntosh (1990a) suggested that this material 
could not be assigned to Apatosaurus and regarded it as Sauro- 
poda incertae sedis. The sacrum consists of six co-ossified verte- 
brae, as occurs in most titanosaurians and Euhelopus. The ilium 
has a craniolaterally deflected cranial process, a derived condi- 
tion characterizing Neosauropoda (Wilson and Sereno 1998). In 
lateral view this part of the ilium is subtriangular in outline and 
therefore lacks the derived rounded profile present in Titano- 
sauriformes (Upchurch 1998). The pubis has an ischial articular 
surface whose length is nearly 50% of the length of this element, 
a derived condition in Camarasauromorpha (one of several fea- 
tures distinguishing “A.” minimus from Apatosaurus at the generic 
or higher taxonomic levels). The ischium lacks most of the de- 
rived features that characterize diplodocids and titanosaurians. 
The exact phylogenetic relationships of this taxon should be 
determined by a full cladistic analysis. However, the characters 
listed above suggest that this form is perhaps a basal macronarian 
or basal camarasauromorph. 

Cardiodon was originally named on the basis of a single tooth 
crown from the Forest Marble Formation, Wiltshire, England 
(Owen 1840-45). Lydekker (1890c) referred another tooth crown, 
from the Great Oolite Formation, Gloucestershire, England, 
to Cardiodon. Unfortunately, the original material is lost (Up- 
church and Martin 2003); therefore the following is based solely 
on the referred tooth. This tooth crown cannot be characterized 
by true autapomorphies, but it does display a unique combina- 
tion of characters. It has a broad spatulate outline, wrinkled 
enamel, and a groove on the labial surface near the distal mar- 
gin, all characteristic of Eusauropoda (Upchurch 1998; Wilson 
and Sereno 1998). Unlike in all other known spatulate sauropod 
teeth, however, the lingual surface is mildly convex rather than 
concave. For this reason the name Cardiodon is retained pending 
the discovery of more complete material. Cardiodon has been as- 
sociated with a debate concerning the nomenclature of Cetio- 
saurus (Bush 1903; Steel 1970). It has been suggested that Cardio- 
don and Cetiosaurus are congeneric and that therefore the latter 
should be referred to the former on the basis of temporal prior- 
ity. However, Upchurch and Martin (2003) have demonstrated 
that no autapomorphies are shared by Cardiodon and the puta- 
tive teeth of Cetiosaurus and that indeed there are clear differ- 
ences between the teeth of these two genera. 

Datousaurus, originally described by Dong and Tang (1984), is 
based on a premaxilla, maxilla, and dentary, and probably asso- 
ciated postcranial material, from the Lower Shaximiao Forma- 
tion, Sichuan, China. Unfortunately, it has never been properly 
diagnosed by truly autapomorphic features. It is distinct from 
the other sauropods at the Dashanpu locality, such as Shuno- 
saurus and Omeisaurus. Unlike Omeisaurus, Datousaurus has only 
13 cervical vertebrae and four sacrals, and, unlike Shunosaurus, 
Datousaurus has a reduced number of teeth, each of which has a 
heavy spatulate crown, and the cervicals have well-developed 
pleurocoels. There is at least one other (?referred) partial skeleton 


assigned to Datousaurus, and Cao and You (2000) recently re- 
ferred some additional jaw elements. 

Chuanjiesaurus is presently known from a partial postcranial 
skeleton from the Chuanjie Formation, Yunnan, People’s Re- 
public of China (Fang et al. 2000). The diagnosis of this genus, 
provided by Fang et al. (2000), is inadequate because all the 
characters mentioned are widespread among other sauropods. 
However, the proximal caudal vertebrae are procoelous, a con- 
dition currently known in only one other early Middle Jurassic 
sauropod, Bellusaurus. Fang et al. (2000) provide insufficient 
descriptive detail to determine either the relationships or the 
taxonomic status of Chuanjiesaurus, so its retention as a poten- 
tially valid form should be regarded as provisional. 

Dystrophaeus, originally described by Cope (1877 a), is known 
from a scapula, ulna, partial radius, and partial manus (meta- 
carpals HI-V) from Utah. It has not been possible to diagnose 
Dystrophaeus, and it should probably be regarded as a nomen 
dubium. It is retained here, however, because the material comes 
from the Summerville Formation, perhaps earlier than any 
other North American sauropod, and is therefore potentially 
important and worthy of further investigation. In addition, 
Dystrophaeus represents one of the first sauropods to be named 
from North America (Cope 1877a; Huene 1904). Originally 
placed in Cetiosauridae, it is probably not a member of the re- 
stricted monophyletic clade that contains Cetiosaurus and its 
closest relatives. McIntosh (1990a) placed Dystrophaeus within 
Diplodocidae (equivalent to Diplodocoidea here), but the only 
evidence used to support this placement is the retention of 
plesiomorphic short metacarpals. The relationships of Dys- 
trophaeus remain unclear, and this situation will remain un- 
resolved without the discovery of new and more complete 
material. 

Klamelisaurus is diagnosed by fusion of the three most caudal 
cervical neural spines. Based on a partial postcranial skeleton of 
a large sauropod from the Middle Jurassic of Xinjiang, People’s 
Republic of China (Zhao 1993), the phylogenetic relationships 
of Klamelisaurus are unclear at present. Broad spatulate teeth, 
16 cervical vertebrae, 5 sacrals, and forked chevrons suggest that 
Klamelisaurus resembles Omeisaurus and may represent a non- 
neosauropod eusauropod. 

“Morosaurus” agilis is diagnosed by a craniodorsally directed 
neural spine of cervical 3 (also occurring in Dicraeosaurus, al- 
though the spine in the latter is much longer). What is known 
of this species consists of an articulated occiput, proatlas, and 
cervicals 1-3 from the Morrison Formation of Colorado (Marsh 
1889a; Gilmore 1907; McIntosh 1990a). Morosaurus, however, 
is a junior synonym of Camarasaurus, and therefore the name 
is not available. Gilmore noted that “M.” agilis was found in the 
same beds as several Haplocanthosaurus skeletons and suggested 
that the former might be referable to the latter. This proposal 
needs to be confirmed through the discovery of more complete 
material. McIntosh (1990a) listed “M.” agilis as Sauropoda incer- 
tae sedis. 

Oplosaurus is diagnosed by the labial surface of the tooth 
crown lacking grooves near the mesial and distal margins; the 
convexity of the labial surface of the tooth crown forming an 
almost acute ridge extending up the midline of this surface to 
the apex; and the lingual surface of the tooth crown concave but 
lacking a midline ridge. Oplosaurus is based on a single tooth 
from the Wessex Formation, Isle of Wight, England (Gervais 
1852; Upchurch 1993). Oplosaurus has not been widely accepted 
as a valid taxon, largely because it is based on a single tooth. This 
tooth belongs to a sauropod, as demonstrated by its large spatu- 
late crown, concave lingual surface, and wrinkled enamel (Up- 


church 1998; Wilson and Sereno 1998). As noted above, this 
tooth is distinct from those of all other broad-toothed sauro- 
pods in several respects, and the name Oplosaurus is therefore 
tentatively retained pending the discovery of more complete 
material. 

Rhoetosaurus cannot be easily diagnosed. However, it is re- 
tained as a potentially valid genus on the basis that it is the only 
known Middle Jurassic sauropod from Australia (Longman 1926, 
1927). Furthermore, opisthocoelous dorsal vertebrae with well- 
developed pleurocoels suggest that Rhoetosaurus is possibly more 
closely related to neosauropods than are the contemporaneous 
cetiosaurids and basal eusauropods from elsewhere. Rhoeto- 
saurus is based on a partial postcranial skeleton from the Hutton 
Sandstone Formation of Queensland, Australia. 

Tendaguria is diagnosed by extremely reduced dorsal neural 
spines; a dorsal depression lateral to each prezygapophysis; deep 
cavities on the cranial surface of the transverse processes and 
shallower cavities on the reverse side; and extremely robust 
epipophyses. Tendaguria is based on two associated cranial dor- 
sal vertebrae from the Tendaguru Formation of Mtwara, Tanza- 
nia (Bonaparte et al. 2000). The structure of the neural arches is 
highly unusual. In most sauropods the neural spines, whether 
bifurcated or not, are craniocaudally expanded structures that 
form a distinct process extending dorsally from the neural arch 
such that the dorsal margin of the spine lies well above the level 
of the transverse processes. In Tendaguria, in contrast, the neu- 
ral spine forms a transversely broad, craniocaudally compressed 
laminar crest or ridge that does not rise significantly above the 
level of the rest of the neural arch. A cervical vertebra possessing 
some of the autapomorphic features listed above has been re- 
ferred to this form. The phylogenetic position of this taxon is 
unclear: the apparent absence of accessory laminae in the infra- 
postzygapophyseal cavity and the lack of interprezygapophy- 
seal laminae suggest that it is a primitive sauropod, whereas 
large pleurocoels are suggestive of neosauropod affinities. Bona- 
parte et al. (2000) erected a new family for the reception of this 
material, Tendaguriidae. However, we do not regard the estab- 
lishment of monospecific higher taxa as either a useful heuristic 
device or advisable on taxonomic grounds. Tendaguria is here 
regarded as Sauropoda incertae sedis. 

Volkheimeria is known only froma partial skeleton (presacral 
and sacral vertebrae, pelvis and hindlimb) from the Canfodon 
Asfalta Formation, Chubut Province, Argentina (Bonaparte 
1979a, 1986b). It is diagnosed by having caudal dorsal vertebrae 
in which the neural canal cuts deeply into the top of the centra. 
Bonaparte (1986b) considered Volkheimeria to be a basal “cetio- 
saurid,” while McIntosh (1990a) placed it within Brachio- 
sauridae, although no characters were cited to support this 
view. Since no published cladistic analysis has included 
Volkheimeria, its phylogenetic relationships are here regarded as 
unresolved. 

Eusauropoda is a node-based taxon defined as the most re- 
cent common ancestor of Shunosaurus and Saltasaurus and all 
the descendants of that ancestor (Upchurch 1995). Note that 
this node-based definition represents Upchurch’s (1995) origi- 
nal intention for Eusauropoda and differs from the stem-based 
definition suggested by Wilson and Sereno (1998). It is diag- 
nosed by the following features: the snout broadly rounded in 
dorsal view; the caudal margin of the external naris lying be- 
hind the caudal margin of the antorbital fenestra; a lateral plate 
on the premaxillae, the maxillae, and the dentaries; the contact 
between the dorsal ends of the maxilla and lacrimal lying at the 
caudodorsal margin of the antorbital fenestra; a platelike flange 
of bone at the base of the maxillary ascending process; the ros- 
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tral process of the quadratojugal at least twice as long as the dotr- 
sal process; the quadratojugal rostral process expanded dorso- 
ventrally at its tip; the prefrontal rostral process absent; the 
transverse width of the frontals greater than the rostrocaudal 
length; the rostral tip of the maxillary process of the palatine ex- 
panded transversely; the ectopterygoid process of the pterygoid 
lying below the rostral rim of the orbit; the diameter of the 
external mandibular fenestra less than 10% of the mandible 
length; wrinkled tooth crown enamel; the caudalmost tooth 
lying beneath the antorbital fenestra; at least 12 cervical verte- 
brae; the height of the midcervical neural arches greater than 
the diameter of the centrum; the caudal margins of the caudal 
cervical neural spines sloping strongly forward in lateral view; 
the dorsal surfaces of the sacral plates level with the dorsal mar- 
gin of the ilium; the first caudal rib linked to the neural arch by 
lamina; blocklike carpals; the metacarpals arranged in a U-shaped 
colonnade; the manual phalanges (apart from unguals) wider 
transversely than proximodistally; manual digits H-IV having 
two or fewer phalanges; the dorsal margin of the ilium strongly 
convex in lateral view; the ischial peduncle of the ilium reduced, 
so that the long axis of the iliac blade slopes craniodorsally in 
lateral view; the middle and distal portions of the pubis lying 
in the same plane as the proximal part; the femoral cranial 
trochanter absent; the medial malleolus of the tibia reduced, 
exposing the caudal fossa of the astragalus in caudal view; a lat- 
eral muscle scar at midlength on the fibula; metatarsals II-IV 
diverging from each other distally; the ratio of the length to 
the proximal transverse width for metatarsal I 1.5 or less; three 
phalanges on pedal digit IV; the pedal phalanges lacking collat- 
eral ligament pits; the nonungual pedal phalanges wider trans- 
versely than proximodistally; pedal digits II-IV having rudi- 
mentary penultimate phalanges; the ratio of ungual length to 
metatarsal length for pedal digit I greater than 1.0; and the un- 
guals for pedal digits II and III having transversely compressed 
proximal articular ends. 

The following are regarded as basal Eusauropoda (i.e., non- 
neosauropod eusauropods): 

Euhelopus is diagnosed by an acute (in lateral view) rostro- 
ventral margin of the external naris and presacral vertebrae with 
divided fossae above the prezygapophyseal-postzygapophyseal 
lamina (Wilson and Sereno 1998). Wilson and Sereno (1998) also 
proposed that procumbent teeth with asymmetrical enamel and 
an increase in cervical number to 16-17 represent autapo- 
morphies of Euhelopus. However, similar derived characters are 
observed in several other sauropods (e.g., the increased number 
of cervicals in Omeisaurus and Mamenchisaurus). Although homo- 
plastic characters can still yield useful autapomorphies, the 
proximity of the various Chinese taxa in the current cladogram 
(fig. 13.18) suggests that the increased number of cervical verte- 
brae may not be diagnostic at the generic level. Asymmetrical 
tooth enamel is unique to Euhelopus, but this should perhaps be 
treated as independent of procumbent teeth because the latter 
are observed in several other sauropods (e.g., Diplodocus). Pres- 
ently known from two partial skeletons, including a skull, 
which were described in detail by Wiman (1929) and Mateer and 
McIntosh (1985), Euhelopus is known from the Meng-Yin For- 
mation, Shandong, People’s Republic of China. Wiman (1929) 
originally named this material Helopus, but this generic name 
was preoccupied and was replaced by Romer (1956). Euhelopus 
has been the subject of recent debate concerning its phylo- 
genetic relationships. Upchurch (1995, 1998, 1999) found that 
it clustered within a monophyletic Euhelopodidae, which also 
contained several other Chinese taxa. Wilson and Sereno (1998) 
proposed Euhelopus to be the sister taxon to Titanosauria and 
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erected Somphospondyli for all titanosauriform sauropods more 
closely related to Saltasaurus than to Brachiosaurus. Wilkinson 
et al. (2000) showed that the position of Euhelopus proposed by 
Upchurch (1995, 1998, 1999) represents one of the least sup- 
ported aspects of these analyses. Finally, the current cladistic 
analysis suggests a new position for Euhelopus. The monophyly 
of Euhelopodidae has broken down, but Euhelopus remains 
closely related to, but outside of, Neosauropoda. Euhelopus re- 
quires detailed redescription with particular attention to phylo- 
genetically informative characters. 

Lourinhasaurus is diagnosed by a greatly reduced spinodia- 
pophyseal lamina, a large postspinal lamina, a strongly laterally 
expanded hyposphene, and high dorsal centra compared with 
the height of the whole vertebra. Lourinhasaurus is based on a 
partial postcranial skeleton from the Late Jurassic of Portugal 
(Lapparent and Zbyszewski 1957; McIntosh 1990a; Dantas et al. 
1998), and additional material from the Lourinha Formation 
has been referred to this species by Dantas et al. (1998). Lourinha- 
saurus was originally identified as a new species of Apatosaurus 
(A. alenquerensis) by Lapparent and Zbyszewski (1957), but Mc- 
Intosh (1990a) transferred this species to Camarasaurus. Either 
of these identifications would be of considerable biogeographic 
interest since the “alenquerensis” material would represent the 
first sauropod genus to be found in both North America and Eu- 
rope. Dantas et al. (1998), however, noted that neither identifi- 
cation was well supported and instead erected Lourinhasaurus. 
The latter viewpoint is supported by the current cladistic analy- 
sis, which places Lourinhasaurus as the closest known relative 
of Neosauropoda. 

Mamenchisaurus constructus is known from a partial post- 
cranial skeleton from the Upper Shaximiao Formation, Sichuan, 
China (Young 1954, 1958b). A second species, based on a par- 
tial skeleton that contains a nearly complete vertebral column, 
girdles, and hindlimb, from the same formation and province 
of China, was described as M. hochuanensis by Young and Chao 
(1972). Over the past 25 years there has been a proliferation of 
new species assigned to Mamenchisaurus, including: M. sino- 
canadorum Russell and Zheng 1993, which includes fragmen- 
tary skull material; M. anyuensis He et al. 1996, based on re- 
mains of ten individuals, with representative elements for the 
entire postcranial skeleton; M. fuxiensis Hou et al. 1976, based 
on the maxilla, teeth, dentary, basioccipital, dorsal vertebrae, 
pubis, and ischium, and alternatively known as Zizhongo- 
saurus (= Omeisaurus) fuxiensis; M. jingyanensis Zhang and Li 
vide Zhang and Chen 1996, based on a partial skull and post- 
cranial skeleton (see also Zhang et al. 1998); and M. youngi Pi et 
al. 1996, founded on a nearly complete skeleton with skull. 
Mamenchisaurus is a poorly defined taxon whose taxonomy 
and nomenclature have become increasingly confused. The 
name Mamenchisaurus has become something of a “waste- 
basket” for all sorts of fragmentary remains from the Middle 
and Late Jurassic of China (Li and Cai 1997). Restudy of M. con- 
structus is required as the starting point for a revision of this 
genus. Based solely on Mamenchisaurus hochuanensis and M. 
sinocanadorum, the genus is diagnosed by greatly reduced cer- 
vical pleurocoels that also retain their division into cranial and 
caudal portions by an oblique lamina, and a conical cranial 
process of the cervical ribs lacking an excavation on its dorso- 
medial surface and curving slightly laterally toward its tip. Be- 
cause its taxonomy remains so confused, the phylogenetic re- 
lationships of Mamenchisaurus are difficult to assess. McIntosh 
(1990a) considered it to be an aberrant diplodocid, based on 
forked chevrons. However, as Wilson and Sereno (1998) have 
noted, forked chevrons represent a derived condition of Eusauro- 


poda, which then reverses in basal macronarians. Other char- 
acters cited by McIntosh (1990a) to support the diplodocoid 
affinities of Mamenchisaurus are widespread among sauropods 
as a whole, including bifurcate presacral neural spines and pro- 
coelous caudal vertebrae. Early cladistic analyses (e.g., Up- 
church 1995, 1998, 1999) placed Mamenchisaurus in the mono- 
phyletic “Euhelopodidae,” but the current analysis has broken 
up this clade, and Mamenchisaurus is now considered to be an 
eusauropod that is closely related to, but lies outside, Neo- 
sauropoda. McIntosh (1990a) stated that all 35 preserved cau- 
dals (presumably of M. hochuanensis) were procoelous, and that 
the femur had a nearly circular cross section. However, pro- 
coely changes to amphicoely in the proximal half of the tail, 
and the femur has the conventional craniocaudally com- 
pressed cross section in M. hochuanensis (Young and Chao 
1972; Upchurch pers. obs.). 

Omeisaurus, originally described by Young (1939), is diag- 
nosed by a maxillary ascending process with a dorsoventrally 
expanded distal tip (Wilson and Sereno 1998). Five species of 
Omeisaurus have been named: O. junghsiensis, O. tianfuensis, 
O. changshouensis, O. fuxiensis, and O. Iuoquanensis. The latter 
three species are fragmentary and undiagnosable (Wilson and 
Sereno 1998); therefore, Omeisaurus is restricted to O. jungsiensis 
and O. tianfuensis. The anatomy of the latter species is well known 
(He et al. 1984, 1988) because it is based on several partial or 
nearly complete skeletons that include skulls. Omeisaurus pos- 
sesses several modifications elongating the neck (16-17 cervical 
vertebrae, elongation of individual vertebrae) that Wilson and 
Sereno (1998) cited as autapomorphies for the genus. Similar 
modifications, however, are also found in Mamenchisaurus, Eu- 
helopus, and possibly several other Chinese taxa and therefore 
are not listed as autapomorphies here. Dong et al. (1989a) sug- 
gested that tail clubs from Sichuan, China, belonged to Omei- 
saurus and Shunosaurus, but such clubs can only be confidently 
assigned to the latter genus (Upchurch, pers. obs.; see also Wil- 
son and Sereno 1998). 

Shunosaurus is diagnosed by a prominent cranial portion 
of the neural spine, “postparapophyses” on the caudal dorsals, 
and a tail club composed of 3-5 enlarged and co-ossified distal 
caudal vertebrae (Wilson and Sereno 1998). S. lii is based on 
a nearly complete skeleton. Referred material consists of several 
nearly complete skeletons and skulls from the Middle Jurassic 
locality at Zigong, Sichuan, People’s Republic of China (Dong et 
al. 1983). Although further detailed anatomical work is required, 
Shunosaurus represents one of the best-known Chinese sauro- 
pods (Dong et al. 1983; Zhang et al. 1984; Zhang 1988; Zheng 
1991). Shunosaurus is a small sauropod (the largest individuals 
reach lengths of 12 m) with a short neck perhaps designed for 
lateral flexibility (Upchurch and Barrett 2000a). This genus is 
highly unusual in possessing a unique articulation between the 
dorsal ribs and the caudal dorsal vertebrae. The parapophyseal 
articular surface is intervertebral; that is, one part lies on the 
dorsal neural arch immediately below the prezygapophysis, 
and the other part of the articular surface lies on the neural 
arch of the preceding dorsal vertebra, immediately below the 
postzygapophysis (see “postparapophysis” in Zhang 1988:figs. 
31, 32). Shunosaurus also has a tail club consisting of 3-5 fused 
distal caudal vertebrae and two dermal spines (Dong et al. 
1989a). 

Tehuelchesaurus is diagnosed by the distal end of the humerus 
having a craniocaudal width only slightly less than the trans- 
verse width (i.e., it is not craniocaudally compressed as in other 
sauropods). Rich et al. (1999b) list other diagnostic features of 
Tehuelchesaurus, but these are found in one or more other gen- 


era and are therefore not listed as autapomorphies here. 
Tehuelchesaurus is known solely from a partial postcranial skele- 
ton from the Canodon Asfalto Formation of Chubut Province, 
Argentina. 

Cetiosauridae, a taxon originally named by Lydekker (1888b), 
is a stem-based taxon defined as those sauropods more closely 
related to Cetiosaurus than to Saltasaurus. The clade is diagnosed 
by the following features: cervical pleurocoels that are deep 
excavations but lack accessory laminae; a neural cavity opening 
to the exterior of the neural arch through a lateral foramen pres- 
ent in at least the caudal dorsal vertebrae (uncertain in Cetio- 
saurus); cranial dorsal vertebrae possessing a deep lateral exca- 
vation on either side of the neural arch, immediately below the 
base of the transverse process, leaving only a thin septum of 
bone on the midline. This clade also lies within basal Eusauro- 
poda (fig. 13.18). 

Barapasaurus is diagnosed by caudal dorsals with slitlike 
neural canals whose margins are deeply inset both cranially and 
caudally (Wilson and Sereno 1998). Barapasaurus is an im- 
portant sauropod partly because it comes from India and 
partly because it represents the most complete form currently 
known from the Early Jurassic. B. tagorei, the only species, is 
known from a sacrum containing four fused sacral vertebrae, 
isolated teeth, and disarticulated vertebral and limb elements 
from six individuals (Jain et al. 1975, 1979). The descriptions 
provided by Jain et al. (1975, 1979) and (Wilson and Sereno 
1998) outline the anatomy of Barapasaurus, but a detailed mono- 
graphic treatment of this form is required. 

Cetiosaurus is diagnosed by many features: pyramidal caudal 
cervical and cranial dorsal neural spines with excavated cranial, 
lateral, and caudal faces; cervical 12 having a cranially directed 
rounded process projecting from the dorsal part of the neural 
spine; deep excavated areas on either side of the neural arches 
on middle as well as cranial dorsal vertebrae; a spinodiapophy- 
seal lamina absent on all dorsal vertebrae; the neural canal ex- 
tended cranially and caudally, above the centrum articular sur- 
face, by a short tonguelike process in distal caudal vertebrae; 
cranial hemal arches with craniocaudally compressed distal 
shafts that do not taper to form a transversely narrow and axi- 
ally elongate blade; and a triangular pit bounded dorsally by a 
craniocaudally oriented ridge at the dorsal end of the lateral sur- 
face of the pubic process of the ilium. Cetiosaurus represents the 
first sauropod genus to be named. At first, fragmentary material 
from the Middle Jurassic of Oxfordshire and elsewhere in En- 
gland was interpreted as belonging to a gigantic marine croco- 
dile (Owen 1841, 1842b). Discovery of partial skeletons near Ox- 
ford in 1868 allowed Phillips (1871) to recognize Cetiosaurus as a 
large herbivorous dinosaur. The fragmentary nature of the orig- 
inal material (a few caudal vertebrae and other fragments 
named C. medius by Owen (1842b) caused this genus to have an 
unsatisfactory diagnosis for the past century and a half. Con- 
sequently, many poorly known sauropod remains from the 
Middle Jurassic to Early Cretaceous of England have been as- 
signed to this genus. Thirteen species of Cetiosaurus have been 
based on English material, and another, C. mogrebiensis, is 
known from Morocco (Lapparent 1955). The taxonomy and 
anatomy of Cetiosaurus has recently been revised by Upchurch 
and Martin (2002, 2003), who concluded that there is only one 
valid species, C. oxoniensis. C. mogrebiensis Lapparent, 1955, is 
based on partial skeletons form three localities in the Middle 
Jurassic (late Bathonian) of Morocco. Monbaron and Taquet 
(1981) referred a well-preserved skeleton with a partial skull to C. 
mogrebiensis, but the latter is now considered Atlasaurus Mon- 
baron, Russell, et Taquet, 1999. The original C. mogrebiensis 
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material described by Lapparent (1955) is not diagnostic, nor 
does it display any of the autapomorphies of C. oxoniensis. C. 
mogrebiensis is therefore regarded as an indeterminate sauropod. 

Patagosaurus is diagnosed by a maxillary ascending process 
that projects caudodorsally in its lower half and then turns 
abruptly to extend dorsally in its distal half and caudal cervical 
neural spines with a well-developed dorsally directed process at 
their summit. Patagosaurus is known from a partial postcranial 
skeleton of a large adult sauropod, as well as fragmentary jaw 
material and disarticulated remains of at least another 11 indi- 
viduals from the Canodon Asfalto Formation of Chubut Prov- 
ince, Argentina (Bonaparte 1979a, 1986a, 1986b). 

The following are regarded as Eusauropoda incertae sedis (i.e., 
eusauropods of uncertain affinities): 

Amygdalodon has not been adequately diagnosed on the 
basis of autapomorphies or unusual combinations of charac- 
ters. Its Bajocian age and subtle differences in robustness suggest 
that this taxon is not congeneric with Patagosaurus. Although 
this may indicate that Amygdalodon represents a distinct taxon, 
the material on which it is based (disarticulated and poorly 
preserved teeth, vertebrae, and portions of pubis and tibia from 
the Cerro Carnerero Formation, Chubut Province, Argentina 
[Cabrera 1947]) is barely adequate to justify a valid generic name, 
and future revisions may consider this taxon a nomen dubium. 

Aragosaurus has not been adequately diagnosed on the basis 
of autapomorphies, and its status as a valid taxon is provisional. 
Known from a partial postcranial skeleton, including caudals, 
chevrons, and limb elements, from the Las Zabacheras Beds 
(Castellar Formation), Teruel, Spain (Lapparent 1960a; Sanz et 
al. 1987; Royo-Torres et al. 1999), Aragosaurus was considered a 
member of Camarasauridae (McIntosh 1990a), although it has 
not yet been included in any published cladistic analysis. This 
genus was coded for the current analysis, but few phylogenet- 
ically informative data are available, and its position within 
Eusauropoda is unstable. Thus, Aragosaurus is provisionally re- 
garded as Eusauropoda incertae sedis until more complete mate- 
rial is found. 

Hudiesaurus is diagnosed by a transversely compressed pro- 
cess projecting cranially from the front face of the neural spine 
in cranial dorsal vertebrae. Known from a cranial dorsal vertebra, 
acomplete right forelimb and four teeth, Hudiesaurus comes from 
the Kalazha Formation, Xinjiang, People’s Republic of China 
(Dong 1997). Unfortunately, none of the material was found in 
association: given that there is no anatomical overlap between 
these elements, the referral of the forelimb and teeth must be 
based solely on geographic and stratigraphic proximity and is 
therefore rejected here. Hudiesaurus is therefore restricted to the 
dorsal vertebra, while the forelimb and teeth are regarded provi- 
sionally as Eusauropoda indet. 

Neosauropoda, a clade named by Bonaparte (1986b), is de- 
fined as a node-based taxon comprising the most recent common 
ancestor of Diplodocus and Saltasaurus and all the descendants of 
that ancestor (Wilson and Sereno 1998). It is diagnosed on the 
following characters: a subnarial foramen on the premaxilla- 
maxilla suture facing dorsally; platelike projections at the base 
of the maxillary ascending processes meeting each other on the 
midline; a canal or preantorbital fenestra in the base of the max- 
illary ascending process; the rostral process of the quadratojugal 
contacting the caudal end of the maxilla; the rostroventral cor- 
ner of the infratemporal fenestra terminating level with or in 
front of the rostral rim of the orbit; the lateral end of the ec- 
topterygoid contacting the medial surface of the maxilla; the 
ascending process of the astragalus terminating level with the 
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caudal edge of this element; and pedal digit IV having two pha- 
langes or fewer. 

Diplodocoidea, a name coined by Marsh (1884c; see Up- 
church 1995 for the first usage), is a stem-based taxon defined 
as Neosauropoda more closely related to Diplodocus than to 
Saltasaurus (Wilson and Sereno 1998). It is diagnosed by the fol- 
lowing characters: the snout subrectangular in dorsal view; the 
external nares fully retracted, so that the caudal rim lies behind 
the rostral margin of the orbit; the subnarial foramen elongate, 
so that its length is at least twice its maximum width; the pre- 
maxilla losing the distinction between the heavy ventral main 
body and the slender ascending process; the angle between the 
midline and the premaxilla-maxilla suture reduced in dorsal view 
to 20° or less; the rostrocaudal diameter of the supratemporal 
fenestrae reduced to less than 10% of the occiput width (pos- 
sibly convergently acquired by some advanced lithostrotians); 
and the caudalmost tooth occurring rostral to the antorbital 
fenestra. 

The following genera are regarded as Diplodocoidea incertae 
sedis: 

Amphicoelias is diagnosed by basal tubera with pendant lat- 
eral processes, cervical pleurocoels surrounded by a well-marked 
fossa, caudal dorsal neural spines directed caudodorsally (al- 
though not unique among sauropods as a whole, this is an 
unusual condition among diplodocoids), and a femur with a cir- 
cular, rather than craniocaudally compressed, horizontal cross 
section. Amphicoelias was first known from two dorsal vertebrae, 
a pubis, and a femur from the Morrison Formation of Colorado 
(Cope 1877d; Osborn and Mook 1919, 1921; Gilmore 1932b), and 
although a scapula, a coracoid, and an ulna were also assigned 
to it, this referral is arbitrary (McIntosh 1990a). Wilson and 
Smith (1996) reported the discovery of a partial skeleton, in- 
cluding portions of skull, from the Morrison Formation of Mon- 
tana, but this material has not yet been described in detail. 
McIntosh (1990a) suggested that Amphicoelias is closely related 
to Barosaurus and Diplodocus, so close in fact that there is some 
doubt as to the generic distinction between the latter and Am- 
phicoelias. Wilson and Smith (1996), however, argued that 
Amphicoelias is a more basal diplodocoid, although the details 
of their cladistic analysis have not been published. 

Cetiosauriscus is diagnosed by axially concave summits on the 
cranial and middle caudal neural spines. Cetiosauriscus is known 
from a partial postcranial skeleton, including fragments of 
sacrum, most of the cranial and middle part of the tail, and fore- 
and hindlimb elements, from the Lower Oxford Clay, Cam- 
bridgeshire, England (Woodward 1905; Huene 1927; Charig 
1993; Upchurch 1995). McIntosh (1990a) referred fragmentary 
remains earlier thought to belong to Cetiosaurus to Cetio- 
sauriscus, thus creating Cetiosauriscus longus and Cetiosauriscus 
glymptonensis. None, however, is sufficiently complete to deter- 
mine whether they possess the characteristic autapomorphy of 
Cetiosauriscus, and therefore they are not included within this 
genus. Cetiosauriscus, based solely on C. stewarti Charig, 1993, is 
known from the partial skeleton mentioned above anda portion 
of distal whiplash tail. The latter was apparently found in the 
same deposits as the partial skeleton, but it is not certain that 
they are part of the same individual. Given that there is no over- 
lap between the partial skeleton and the whiplash, this referral 
should be treated with caution. Cetiosauriscus has only been 
included in one published cladogram (Wilson et al. 1999a), in 
which it was placed in a tritomy with Diplodocoidea and 
Macronaria (Wilson [pers. comm.] noted that these relationships 
were not based on a formal analysis that included Cetiosauriscus 


in the data matrix). Although the astragalus is plesiomorphic, 
several other derived characters (e.g., tall sacral neural spines, 
winglike ribs on the proximal caudals, procoelous proximal 
caudals, a shortened forelimb) suggest diplodocoid affinities 
(Berman and McIntosh 1978; McIntosh 1990a; Upchurch 1995). 
For the present, Cetiosauriscus is provisionally regarded as Diplo- 
docoidea incertae sedis. 

“Cetiosaurus” glymptonensis is diagnosed by middle-distal 
caudal centra having a distinct horizontal ridge approximately 
one-third of the way up the lateral surface. Phillips (1871) based 
“C.” glymptonensis on nine middle-distal caudal centra from 
the Forest Marble Formation of Oxfordshire, England. Upchurch 
and Martin (2003) reexamined this material and concluded that 
it is potentially a diplodocoid and is distinct from both Cetio- 
saurus oxoniensis and Cetiosauriscus. The centra are elongate 
(with length-width ratios of more than 2.0), as occurs in many 
diplodocids. The lateral surfaces of the centra bear two parallel 
horizontal ridges, causing the centra to be octagonal in trans- 
verse cross section. The upper ridge is also seen in Cetiosauriscus, 
but the lower ridge is unique. Although “C.” glymptonensis may 
bea distinct taxon, it has not been given a new generic name be- 
cause the presence of nine caudals, distinguished by a single 
autapomorphy, is not considered to be adequate for establishing 
new taxa (Upchurch and Martin 2003). McIntosh (1990a) as- 
signed the caudals to Cetiosauriscus as C. glymptonensis. How- 
ever, Upchurch and Martin (2003) argued that it is safer to re- 
gard “C.” glymptonensis as a separate, currently unnamed taxon. 
If “C.” glymptonensis is a genuine diplodocoid, then it represents 
the earliest appearance of this clade. 

Dinheirosaurus is diagnosed by an elongate pneumatic fossa 
on the lateral surface of the neural spine of cervical 14 and ro- 
bust horizontal lamina linking the hyposphene with the base 
of the caudal centrodiapophyseal lamina. Known from two 
incomplete cervical vertebrae, a series of nine dorsal vertebrae, 
some ribs, and fragmentary limb bones, all of which pertain to 
a single individual previously referred to Lourinhasaurus (Dantas 
et al. 1998), Dinheirosaurus comes from the Camadas de Alco- 
baga Formation of Lisbon, Portugal (Bonaparte and Mateus 1999). 
Various characters support the referral of Dinheirosaurus to 
either Titanosauria or Diplodocoidea, including pre- and post- 
spinal laminae on the middle and caudal dorsal neural spines. 
However, Dinheirosaurus lacks the derived features of lithostro- 
tians, diplodocids, and dicraeosaurids. Although it possesses 
features common to both titanosaurians and diplodocoids, re- 
ferral to Titanosauria is unlikely due to the absence of opistho- 
coelous middle and caudal dorsal centra. Consequently, we re- 
fer Dinheirosaurus to Diplodocoidea, although it is not possible 
to assign it to any particular family on the basis of current evi- 
dence. Referral to Diplodocoidea permits the recognition of 
two additional local autapomorphies: the absence of the cranial 
centroparapophyseal lamina and a prominent caudal centro- 
parapophyseal lamina. This unusual combination of characters 
was convergently acquired in Haplocanthosaurus (Wilson and 
Sereno 1998), but Dinheirosaurus can be easily distinguished from 
Haplocanthosaurus on the basis of many other vertebral charac- 
teristics (e.g., unbifurcated cervical neural spines in the latter). 

Losillasaurus is diagnosed by strongly curved neural spines 
of the proximal caudal vertebrae that produce a pronounced 
cutlasslike shape in lateral view and the craniocaudal length of 
the base of the neural spines of the proximal caudal vertebrae 
equal to approximately half of the height of the spine. Losilla- 
saurus is known by a partial skeleton consisting of the caudal 
part of a braincase, cervical, dorsal, sacral, and caudal vertebrae, 


limb material, sternal plates, and pelvic elements from deposits 
of Jurassic-Cretaceous boundary age in Valencia, Spain (Casa- 
novas et al. 2001). A preliminary phylogenetic analysis placed 
Losillasaurus in Diplodocoidea as the sister group to a clade com- 
prising Dicraeosaurus and Diplodocidae (Casanovas et al. 2001). 

Nemegtosauridae, a clade first recognized by Upchurch 
(1995), is a stem-based taxon defined as Diplodocoidea more 
closely related to Nemegtosaurus than to Diplodocus. The clade 
is diagnosed by the quadratojugal rostral process having a step- 
like bend in lateral view and the squamosal being excluded from 
the dorsal margin of the supratemporal fenestra by a parietal- 
postorbital contact. 

Nemegtosaurus is diagnosed by two preantorbital fenestrae, 
a lacrimal that is expanded rostrocaudally and contributes to 
the lateral margin of the external naris, and a prominent pari- 
etal crest. The genus is known only from a single skull from the 
Nemegt Formation of Mongolia (Nowinski 1971), and the phylo- 
genetic relationships of Nemegtosaurus are controversial. 
Precladistic assessments tended to place this genus within 
Diplodocoidea, a position confirmed by the cladistic analyses of 
Upchurch (1995, 1998). The long, low diplodocoid shape of the 
skull, however, is probably produced by postmortem distortion 
(Salgado and Calvo 1997; Upchurch 1999), and recent reassess- 
ments have placed Nemegtosaurus within Titanosauria (Salgado 
and Calvo 1997; Wilson 1997; Wilson and Sereno 1998; Curry 
Rogers and Forster 2001). Upchurch (1999) noted that even 
when postmortem distortions are corrected, several derived 
characters remain that support inclusion of nemegtosaurids 
within Diplodocoidea, a view that is reinforced by the current 
cladistic analysis (fig. 13.18). No single analysis has been able 
to incorporate all taxa and characters relevant to the phylo- 
genetic relationships of nemegtosaurids. For example, the cur- 
rent analysis does not include Rapetosaurus (Curry Rogers and 
Forster 2001), a titanosaur that has a skull similar to that of 
Nemegtosaurus. The cladistic analysis of Curry Rogers and Forster 
(2001), however, does not include as many characters as pre- 
sented here, and it also omits important taxa, such as Rayoso- 
saurus, that possess unusual combinations of characters rele- 
vant to resolving the relationships of nemegtosaurids. Whether 
nemegtosaurids are eventually shown to be titanosaurians or 
diplodocoids, they remain an important clade since they either 
demonstrate the survival of diplodocoids into the latest Creta- 
ceous or reinforce current suspicions that at least some titano- 
saurs convergently acquired diplodocoid-like skulls. 

Quaesitosaurus originally appeared to be unique because it 
possessed the unusual features characteristic of Nemegtosauri- 
dae but exhibited clear differences from Nemegtosaurus itself (e.g., 
a large fossa in the caudal surface of the quadrate). Recent reeval- 
uation of nemegtosaurids (Salgado and Calvo 1997; Upchurch 
1999) has suggested that many of these differences are the result 
of postmortem distortion and inadequate description. Indeed, 
Wilson (1997) suggested that Nemegtosaurus and Quaesitosaurus 
are probably congeneric. Pending a detailed redescription and 
comparison of the Quaesitosaurus material, however, this genus 
is provisionally retained here. Quaesitosaurus is known solely 
from a fragmentary skull (premaxilla, portions of the maxilla, 
braincase, pterygoid, and mandible) from the Djadokhta Svita 
of Mongolia (Kurzanov and Bannikov 1983). 

Rebbachisauridae, a clade named by Sereno et al. (1999), isa 
stem-based taxon defined as Diplodocoidea more closely related 
to Rebbachisaurus than to Diplodocus. It is diagnosed by a scapu- 
lar blade that expands at its distal end, so that it is as wide as the 
proximal end, and has a paddle-like outline in lateral view. 
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Nigersaurus is diagnosed by a craniocaudally elongate frontal 
with a marked cerebral fossa; transversely oriented upper and 
lower tooth rows; lateral extension of the tooth rows beyond 
the line of the main ramus of the mandible; tooth crowns with 
prominent medial and lateral marginal ridges; dorsal vertebrae 
with paired pneumatic spaces at the base of the spines; and a 
prominent rugosity on the medial surface of the base of the 
scapular blade (but a similar ridgelike rugosity is present in sev- 
eral titanosaurs) (Sereno et al. 1999). Nigersaurus is known from 
an articulated partial skull and skeleton and several referred pat- 
tial skeletons. It is a small sauropod, reaching a maximum adult 
length of 15 m. Nigersaurus is one of the most unusual sauropods 
ever discovered, particularly with regard to the structure of its 
skull. Of particular interest is the unique dental arrangement, in 
which a large number of teeth are placed along a straight, trans- 
versely oriented terminal tooth row. The skull is extremely lightly 
built, and the dental tooth row extends beyond the lateral mar- 
gin of the mandible. Nigersaurus was found to have an unstable 
position within Diplodocoidea by the current cladistic analy- 
sis. It is provisionally placed within Rebbachisauridae, however, 
following the phylogenetic analysis of Sereno et al. (1999). 

Rayososaurus is diagnosed by numerous features, including 
short, thin basipterygoid processes; loss of the caudal process 
of the postorbital; a rostrocaudally elongate articular condyle 
of the quadrate; caudal cervical and cranial dorsal neural spines 
with an accessory lamina linking the postzygodiapophyseal 
and spinoprezygapophyseal laminae; proximal caudals with 
ribs formed from separate dorsal and ventral lateral projections; 
an oval cross section through the shaft of the pubis; and a 
femoral shaft that is subcircular in transverse cross section (but 
this also occurs in Amphicoelias [Wilson and Smith 1996]) (Bona- 
parte 1996b). Rayososaurus agrioensis is known froma left scapula, 
the distal half of the right scapula, an incomplete left femur, 
and the proximal part of a left fibula from the Rayoso Formation 
of Neuquén Province, Argentina. Calvo and Salgado (1995) orig- 
inally described R. tessonei as Rebbachisaurus tessonei based on a 
partial skull and postcranial skeleton and fragmentary remains 
from at least three other individuals from the Rio Limay For- 
mation, mid-Cretaceous (Albian-Cenomanian), Neuquén Prov- 
ince, Argentina. The scapula of Rebbachisaurus tessonei displays 
the same unusual morphology (e.g., a paddle-shaped distal 
scapular blade) as seen in Rayososaurus agrioensis. On this basis 
it has been suggested by Wilson and Sereno (1998) that Rebbachi- 
saurus tessonei should be referred to Rayososaurus tessonei. This 
referral is followed here, but it should be treated with caution 
because subsequent discoveries now indicate that many of the 
autapomorphic features of the scapula are apparently more wide- 
spread within Rebbachisauridae (Sereno et al. 1999). 

Rebbachisaurus is diagnosed by a complex lamina system 
on the dorsal neural arches created by accessory centropre- 
zygapophyseal and centrodiapophyseal laminae and a sharp 
tapering of the upper third of the caudal dorsal neural spines in 
cranial view, rather than their continuing to expand trans- 
versely as occurs in dicraeosaurids and other rebbachisaurids 
(Wilson and Sereno 1998). R. garasbae is known from a caudal 
dorsal vertebra, a scapula, a humerus, and an unprepared 
sacrum, from the Tegana Formation of Morocco (Lavocat 1954; 
Lapparent 1955; McIntosh 1990a). Lapparent (1960a) referred 
various remains from the Farak Formation of Tahoua, Niger, to 
asecond species, R. tamesnensis, but Sereno et al. (1999) referred 
all of this material to Jobaria. Similarly, Calvo and Salgado (1995) 
created R. tessonei on the basis of a partial skeleton and other ma- 
terial, but Wilson and Sereno (1998) argued that this should be 
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referred to Rayososaurus. At present, therefore, only R. garasbae is 
recognized within Rebbachisaurus. 

Dicraeosauridae is a stem-based taxon defined as Diplodo- 
coidea more closely related to Dicraeosaurus than to Diplodocus. 
It is diagnosed by the following features: frontals co-ossified 
along their midline contact; a postparietal fenestra; leaf-shaped, 
dorsolaterally directed processes on the crista prootica; basiptery- 
goid processes diverging at an angle of 20°; a deep pit between 
the bases of the basipterygoid processes; and extreme elonga- 
tion of the presacral neural spines. 

Amargasaurus is diagnosed by extremely long neural spines 
on the cranial cervicals that curve caudally, so that their distal 
ends lie dorsal to the next cervical in sequence, and a presacral 
vertebral count reduced to 11 cervicals and 11 dorsals. Known 
from a nearly complete skeleton (including the braincase) from 
the lower part of the La Amarga Formation of Neuquén Prov- 
ince, Argentina (Salgado and Bonaparte 1991; Salgado and Calvo 
1992), Amargasaurus is a small sauropod (body length = 10 m) 
with extremely long neural spines throughout the presacral, 
sacral, and proximal caudal vertebrae. Currently, it represents 
only the second confirmed member of the rare and bizarre 
Dicraeosauridae. 

Dicraeosaurus is diagnosed by neural spines of the middle 
and caudal cervicals that are directed craniodorsally and cervi- 
cal centra having a prominent, platelike midline keel on the 
cranial half of the centrum. D. hansemanni is known from a post- 
cranial skeleton from the Tendaguru Formation, Mtwara, Tan- 
zania (Janensch 1914, 1929b, 1935-36, 1936, 1950a, 1950b, 1961), 
and numerous disarticulated remains have been referred to this 
species. There is also a second species, D. sattleri, known from 
a partial skeleton and other material. In all, there are at least 
five partial skeletons and portions of at least two skulls. Dicraeo- 
saurus is thus known from most of its skull and postcranium. 

Diplodocidae, first recognized by Marsh (1884c), is a stem- 
based taxon defined as Diplodocoidea more closely related to 
Diplodocus than to Dicraeosaurus. The clade is diagnosed by 
many features: external nares facing dorsally; the internarial bar 
absent; the jugal forming a substantial part of the caudoventral 
margin of the antorbital fenestra; an angle between the rostral 
and dorsal quadratojugal processes of 130°; the distal end of the 
paroccipital process rounded and tonguelike; the parasphenoid 
rostrum a laterally compressed, thin spike lacking the longitu- 
dinal dorsal groove; the ectopterygoid process of the pterygoid 
located below the antorbital fenestra; the ectopterygoid process 
of the pterygoid reduced, so that it cannot be seen below the 
ventral margin of the skull in lateral view; the breadth of the 
main body of the pterygoid at least 33% of pterygoid length; 
at least 5-6 replacement teeth per alveolus (as in Nigersaurus); 
no more than 10 dorsal vertebrae; 70-80 caudal vertebrae; pedal 
phalanx I-1 having a proximoventral margin drawn out into a 
thin plate or heel that underlies the distal end of metatarsal I; 
and pedal phalanx II-2 reduced in craniocaudal length and 
having an irregular shape. 

Apatosaurus is diagnosed by marked flaring of the distal end 
of the basipterygoid process; a 60° angle between the basiptery- 
goid processes in palatal view rather than 40°-45° as in most 
other sauropods; short, robust cervical ribs with rounded pro- 
cesses projecting from the dorsal margin immediately caudal to 
the tuberculum; and proximal caudal centra that have lateral 
surfaces converging ventrally to form a narrow midline ridge. 
A. ajax is based on two partial postcranial skeletons and a brain- 
case from the Morrison Formation of Colorado. There are also 
two other species, A. excelsus and A. louisae, from the Morrison 


Formation of Colorado, Wyoming, Oklahoma, and Utah (Mc- 
Intosh 1995). In all, there are at least ten partial or nearly com- 
plete skeletons, meaning that Apatosaurus is known from virtu- 
ally every part, including skulls (Marsh 1877a, 1879a, 1883; 
Peterson and Gilmore 1902; Riggs 1903b; Holland 1915a, 1915b; 
Gilmore 1936; Berman and McIntosh 1978; Connely and Haw- 
ley 1998). 

Barosaurus is diagnosed by nine dorsal vertebrae, a para- 
pophysis placed at the bottom of the centrum on dorsal 2, and 
the ventral fossae in proximal caudal centra increasing in promi- 
nence from cranial to middle caudals, rather than decreasing as 
in Diplodocus and advanced lithostrotians. B. lentus is based ona 
partial postcranial skeleton from the Morrison Formation of 
Utah, but there are at least five partial skeletons and isolated limb 
elements of this species (Marsh 1890b; Lull 1919; McIntosh 1990a, 
1990b). Janensch (1922) referred the Late Jurassic Tendaguru 
sauropod Gigantosaurus africanus to Barosaurus (as B. africanus), 
but McIntosh (1990a) expressed some doubt about this assign- 
ment and referred to the African taxon as ?Barosaurus africanus. 
Since it is currently difficult to characterize Barosaurus without 
access to a nearly complete dorsal series, not currently known 
from the African form, it is not possible to justify Janensch’s 
proposal. Certainly there is an advanced diplodocoid in the 
Tendaguru deposits, but it is generically distinct from North 
American Barosaurus (see below). 

Diplodocus is diagnosed by a number of features: the ventral 
edge of the maxilla forming a thin sheet of bone that overlaps 
the dorsal margin of the mandible when the jaws are fully closed; 
the contact between the postorbital and jugal short rather than 
long and overlapping; the caudal process of the postorbital ter- 
minating before the caudal margin of the supratemporal fenes- 
tra; the dorsal margin of the mandible level throughout most of 
its length (i.e., no clear coronoid eminence); substantially larger 
teeth in the maxilla than in the dentary (also in Nigersaurus); 
and wear facets on the labial tips of the crowns of the upper 
teeth. D. longus is known from two skulls and a caudal series 
from the Morrison Formation of Colorado and Utah (Marsh 
1878a, 1884c; Osborn 1899b; Hatcher 1901, 1902, 1903d; Hol- 
land 1906; Mook 1917b; Gilmore 1932b; Haas 1963; McIntosh and 
Berman 1975; Berman and McIntosh 1978), and there are three 
other species, D. carnegii, D. hayi, and D. lacustris, as well as a 
large amount of referred material from the Morrison Formation 
of Wyoming and Utah. Collectively, Diplodocus is known from 
several partial or complete skulls and postcranial skeletons. The 
anatomy of this form is well understood, apart from some details 
concerning the manus and the distal end of the tail. 

Dyslocosaurus is diagnosed by a gracile astragalus (its proxi- 
modistal width equal to ca. 50% of its transverse width, a lower 
percentage than in other diplodocoids); stout metatarsals (a 
greater circumference relative to width than in other diplo- 
docoids); and an ungual phalanx on pedal digit IV (and possibly 
also on pedal digit V). Known from fragmentary limb material 
of uncertain U.S. provenance (?Morrison or?Lance Formation of 
Wyoming [McIntosh et al. 1992]), Dyslocosaurus is referred to 
Diplodocidae, a position supported by a laterodistal process on 
metatarsal I; the possession of a large rugosity on the dorso- 
lateral margin of metatarsal II, near the distal end; and the de- 
velopment of a prominent heel on the caudoventral (plantar) 
margin of the proximal articular surface of pedal phalanx I-1. 

Seismosaurus is diagnosed by a distal end of the ischial shaft 
curving strongly upward, forming a hook shape in lateral view 
(Gillette 1991). Gillette (1991) lists a number of other diagnostic 
characters, but these are either subtle differences in proportion 


that could reflect the large size of Seismosaurus or plesiomorphic 
characters that are widespread among other sauropods. Known 
from an articulated partial postcranial skeleton from the Morri- 
son Formation of New Mexico (Gillette 1987, 1991), Seismosaurus 
is one of the largest known sauropods. Although it probably had 
the lightly built construction of Diplodocus and Barosaurus, the 
conservative estimate for the total length of Seismosaurus is 35 m 
(Gillette 1991). 

Supersaurus cannot be adequately diagnosed on the basis of 
the information in Jensen (1985b). McIntosh (1990a) and Cur- 
tice et al. (1996) accept the validity of this genus, and it is there- 
fore retained here pending further study. Supersaurus is based on 
a scapulocoracoid and referred material that includes 12 articu- 
lated caudals, another middle caudal, a scapulocoracoid, and an 
ischium from the Morrison Formation of Colorado. Curtice et al. 
(1996) determined that Ultrasauros is referable to Supersaurus. 
Jensen (1985b) did not identify the affinities of Supersaurus, but 
McIntosh (1990a) and Curtice and Wilhite (1996) assigned this 
taxon to Diplodocidae. 

Tornieria is diagnosed by a rostral end of the dentary dis- 
playing little dorsoventral expansion; the presence of the “post- 
parietal” foramen (also seen in dicraeosaurids); and short, 
cylindrical basipterygoid processes. This genus name has a 
complex taxonomic history. Fraas (1908) assigned material from 
Tendaguru, Tanzania, to two new species of Gigantosaurus, 
G. africanus and G. robustus. The G. africanus material was re- 
named Tornieria africana by Sternfeld (1911) and Barosaurus 
africanus by Janensch (1922). Wild (1991) considered Tornieria to 
be invalid and assigned T. robustus to the new genus Janenschia. 
The B. africanus material represents a valid taxon, but there is no 
convincing evidence that it can be assigned to Barosaurus (the 
latter being based on a Late Jurassic diplodocid from the Mor- 
rison Formation of South Dakota). The original material of 
Gigantosaurus is nondiagnostic (Upchurch 1993), and no other 
material can be referred to this genus; the name Tornieria africana 
is therefore used here in order to refer to the diplodocid material 
from Tendaguru. This material displays a number of derived 
characters that suggest it belongs to a diplodocoid or diplodocid 
sauropod, including small rugosities on the dorsolateral margins 
of metatarsals I-III close to their distal ends (Upchurch 1995). 

Macronaria, first recognized by Wilson and Sereno (1998), 
is a stem-based clade defined as Neosauropoda that are more 
closely related to Saltasaurus than to Diplodocus (Wilson and 
Sereno 1998). The clade is diagnosed by two features: the great- 
est diameter of the external naris exceeding that of the orbit and 
subnarial foramen lying within the external narial fossa. 

The following are regarded as basal macronarians (i.e., non- 
camarasauromorph macronarians): 

Abrosaurus is diagnosed by narrow parietals such that the 
supratemporal fenestrae are separated by only a short distance; 
an extremely elongate ascending process of the maxilla whose 
length is almost three-quarters of the length of the maxillary 
ramus; and exceptionally large antorbital, external narial, and 
infratemporal openings that are larger than those of other sauro- 
pods. Abrosaurus is known from an exceptionally well preserved 
skull and mandible from the Lower Shaximiao Formation of 
Sichuan, People’s Republic of China (Ouyang 1989). A post- 
cranial skeleton has also been mentioned; however, it is unclear 
whether it is associated with the abovementioned skull (Zhang 
and Chen 1996). A poorly preserved partial skull has also been 
referred to this taxon. The skull possesses an interesting combi- 
nation of characters. Many features indicate that Abrosaurus is 
referable to Eusauropoda (e.g., the external nares rostrodorsal to 
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the antorbital fossa and loss of a sheet of bone from the medial 
margin of the antorbital fossa). Several neosauropod features are 
apparently absent (e.g., contact between the maxilla and the 
quadratojugal), but others (e.g., extension of the infratemporal 
opening beneath the orbit) are present. Finally, three characters 
—the diameter of the external nares being greater than orbit di- 
ameter; the tall, straight ascending premaxillary process; and 
the surangular dorsoventral height at least twice that of the 
angular—are strongly indicative of macronarian affinities. More 
information is needed before a definitive referral can be made, 
but for the time being we regard Abrosaurus as a basal member of 
Macronaria. Although it has been suggested that Abrosaurus can 
be assigned to Camarasauridae (Zhang and Chen 1996), it is not 
possible to test this hypothesis on the basis of the published 
character data. 

Atlasaurus is diagnosed by a supratemporal fenestra not vis- 
ible in lateral view. Monbaron and Taquet (1981) described the 
discovery of a large sauropod skeleton, including skull material, 
from the Tilougguit Formation of Morocco. This skeleton was 
originally referred to Cetiosaurus mogrebiensis, but subsequently 
has formed the basis for Atlasaurus (Monbaron et al. 1999). Mon- 
baron et al. (1999) list a series of “autapomorphies,” although 
many of these, such as “supratemporal fenestrae twice as wide 
as long” and “combined width of paroccipital processes 50% of 
estimated length of mandible,” are not unique derived features. 
Monbaron et al. (1999) identified Atlasaurus as a “camarasauro- 
morph” (= “macronarian”), probably closely related to Brachio- 
saurus. The cladistic analysis presented in this chapter supports 
the view that Atlasaurus is a macronarian but places it in a basal 
clade with Bellusaurus and Jobaria. 

Bellusaurus was inadequately diagnosed by Dong (1990a), who 
did not include any genuine autapomorphic features. This taxon 
is provisionally retained as a valid genus, however, partly because 
of its unusual position in the sauropod cladogram (fig. 13.18) 
and partly because it displays an unusual combination of char- 
acters for a Middle Jurassic Chinese sauropod. In particular, the 
dorsal neural spines are compressed craniocaudally and widened 
transversely, and the proximal caudal centra are procoelous. 
Based on fragmentary cranial elements (a portion of the maxilla 
and the braincase) and teeth (Dong 1990a), it is questionable 
whether these elements would allow an adequate diagnosis of 
Bellusaurus. Referred material includes a composite skeleton, 
and Dong reported that numerous other skeletons of this small, 
perhaps juvenile, sauropod were discovered. The material comes 
from the Wucaiwan Formation of Xinjiang, China. Jacobs et 
al. (1993) considered Bellusaurus to be an early and primitive 
titanosaurian. The current analysis indicates that Bellusaurus is 
a member of the new clade of basal macronarians that also in- 
cludes Atlasaurus and Jobaria. 

Jobaria is diagnosed by cervical prezygapophyses with an ac- 
cessory cranial process; a deep fossa between the centropost- 
zygapophyseal and intrapostzygapophyseal laminae on the 
cervical vertebrae; cervical ribs 3-6 having accessory cranial 
processes; dorsal prezygapophyses with a broad pendant flange; 
the neural spines of the proximal caudals having a circular fossa 
at the base of the prespinal lamina; the first chevron has the 
shape of an inverted U; and the middle chevrons having a ridge 
that crosses the distal blade. Jobaria was found in the Tiourarén 
Formation of Niger (Sereno et al. 1999). Jobaria is known from a 
partial articulated postcranial skeleton, as well as referred skull 
material and several partial skeletons of various sizes. Sereno et 
al. (1999) suggest that Jobaria is a nonneosauropod, but most of 
the plesiomorphic characters cited to support this view (e.g., the 
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presence of only 12 cervical vertebrae, the length of the meta- 
carpals being less than 40% of the radius length, and simple 
neural spines) are not related to neosauropod synapomorphies. 
The current cladistic analysis places Jobaria in a clade with Bellu- 
saurus and Atlasaurus, which represents a hitherto unrecognized 
group of basal macronarians. The phylogenetic relationships of 
Jobaria require further attention, but whether it is placed outside 
Neosauropoda or at the base of the macronarian clade, the Early 
Cretaceous age of this genus implies a long ghost lineage back to 
the Middle Jurassic (Sereno et al. 1999). 

Camarasauromorpha, first recognized by Salgado et al. 
(1997a), isa node-based taxon defined as the most recent com- 
mon ancestor of Camarasaurus and Saltasaurus and all the de- 
scendants of that ancestor. Salgado et al. (1997a) did not define 
Camarasauromorpha explicitly, although it appears next to a 
node on their cladogram that represents the common ancestor 
of Camarasaurus and Titanosauriformes. Wilson and Sereno 
(1998) introduced the name Macronaria fora similar assemblage 
of sauropods and defined it as a stem-based name (see above). 
Camarasauromorpha could be viewed as a synonym of Macro- 
naria, in which case it is preferred because of priority. However, 
to stabilize this situation and avoid confusion, it is here deemed 
more useful to establish Camarasauromorpha as a node-based 
name for all taxa descended from the common ancestor of Salta- 
saurus and Camarasaurus. This clade is diagnosed by five fea- 
tures: the premaxillary ascending process directed dorsally over 
most of its length; the rostral end of the splenial reaching the 
mandibular symphysis; the pleurocoels in the cranial dorsal cen- 
tra having acute caudal ends; metacarpal I longer than meta- 
carpal IV; and the length of the longest metacarpal being at least 
40% of the radius length. 

Camarasaurus is diagnosed by the long axis of the lacrimal 
being directed craniodorsally; the rostral ramus of the quadrate 
short and not extending rostral to the infratemporal fenestra; 
a quadratojugal-squamosal contact; a groove passing rostro- 
ventrally from the surangular foramen to the ventral edge of 
the dentary; the ischial blade directed caudally, so that its long 
axis passes through the pubic articular surface; and the fibula 
having a dorsoventrally deep tibial scar (Wilson and Sereno 1998). 
C. supremus was originally known from the remains of several 
partial skeletons (Cope 1877c), although the exact association 
between the specimens and their provenance is not entirely 
clear (Osborn and Mook 1921; McIntosh 1990b). This material, 
plus several referred specimens and the material belonging to 
the other three North American species, amounts to more than 
20 partial or nearly complete skeletons, many with skulls, from 
the Morrison Formation of Wyoming, Colorado, Montana, Utah, 
and New Mexico. Camarasaurus is one of the most abundant and 
best studied of all sauropods (Cope 1877c, 1878a; Riggs 1901a; 
Osborn and Mook 1921; Holland 1924b; Gilmore 1925a; Lull 
1930; White 1958; Carey and Madsen 1972; Jensen 1988; Mad- 
sen etal. 1995; McIntosh et al. 1996). There are four species within 
Camarasaurus: C. grandis, C. lentus, C. supremus, and C. lewisi 
(formerly Cathetosaurus lewesi Jensen, 1988). McIntosh (1990a) 
referred Apatosaurus alenquerensis Lapparent and Zbyszewski, 
1957, to Camarasaurus, creating the new combination Camara- 
saurus alenquerensis. Wilson and Sereno (1998) noted that this 
Portuguese form shares the autapomorphic orientation of the 
ischial distal shaft with North American Camarasaurus species 
and therefore supported McIntosh’s assignment. Recently Dan- 
tas et al. (1998) suggested that C. alenquerensis was not a member 
of Camarasaurus, and they therefore gave it a new generic name, 
Lourinhasaurus. The current cladistic analysis treated Camara- 


saurus and Lourinhasaurus as separate taxa, and the results sup- 
port the conclusions of Dantas et al. (1998) since the latter is 
shown to lie outside of Neosauropoda. 

“Eobrontosaurus” yahnahpin is based on a partial postcranial 
skeleton consisting of cervical and dorsal vertebrae, a scapulo- 
coracoid, a humerus, dorsal ribs, a pubis, sterna, and gastralia. 
Originally founded as a new species of Apatosaurus (Filla and 
Redman 1994), it was later removed to its own genus, although 
it was retained within Diplodocidae (Bakker 1998a). Several 
other specimens have also been referred to this taxon. However, 
the long cervical ribs exclude “Eobrontosaurus” from Diplodo- 
coidea as currently defined. Moreover, the distally flared scapu- 
lar blade is distinct from the narrow-bladed scapulae found in 
diplodocids. Referral of “Eobrontosaurus” to Diplodocidae was 
based mainly on comparisons of the limb material of referred 
specimens with those of Apatosaurus. However, the features 
listed by Filla and Redman (1994) and Bakker (1998b) are not 
diplodocoid synapomorphies and have a wider distribution 
within Sauropoda. Indeed, the scapulocoracoid, humerus, and 
cervical vertebrae of “Eobrontosaurus” are almost indistinguish- 
able from those of Camarasaurus, suggesting that the former is 
probably a junior subjective synonym of the latter. 

Haplocanthosaurus is diagnosed by dorsal vertebrae lacking 
cranial centrodiapophyseal laminae; elongate “infrapost- 
zygapophyseal” laminae; dorsoventrally directed dorsal trans- 
verse processes that approach the height of the neural spines 
(an autapomorphy locally within basal Macronaria, but not 
when the full range of sauropod anatomical variation is consid- 
ered); and the distal end of the scapular blade being dorsally and 
ventrally expanded. H. priscus is known from two partial skeletons 
(Hatcher 1903b). McIntosh and Williams (1988) named H. delfsi 
on the basis of a partial skeleton. The fragment of cranium and 
cervicals 1-3 of “Morosaurus” agilis were referred to Haplocantho- 
saurus by Gilmore (1907), and there is additional material from 
Wyoming, including ischia, but these elements cannot reveal 
whether Haplocanthosaurus autapomorphies are present, so their 
assignment is dubious. The anatomy of Haplocanthosaurus is 
well known (Hatcher 1903c; McIntosh and Williams 1988), but 
its relationships are poorly understood. One of the rarest sauro- 
pods from the Morrison Formation, Haplocanthosaurus is also 
one of the most problematic taxa. In recent years it has been 
considered to be a cetiosaurid (McIntosh 1990a), a member of a 
clade containing Brachiosaurus and Camarasaurus (Upchurch 
1995), a basal diplodocoid (Calvo and Salgado 1995), the sister 
taxon to Neosauropoda (Upchurch 1998), and a basal macro- 
narian (Wilson and Sereno 1998). Upchurch (1998) and Wilkin- 
son et al. (2000) have suggested that Haplocanthosaurus is one 
of the least stable taxa in sauropod phylogenetic analyses, per- 
haps reflecting both the high percentage of missing data and an 
unusual combination of characters. A new, complete postcranial 
skeleton from the Morrison Formation of Utah (Bilbey et al. 
2000) will help resolve and stabilize the phylogenetic relation- 
ships of this important sauropod. 

Titanosauriformes, a clade first recognized by Salgado et al. 
(1997a), is a node-based taxon defined as the most recent com- 
mon ancestor of Brachiosaurus and Saltasaurus and all the de- 
scendants of that ancestor (Wilson and Sereno 1998). It is diag- 
nosed by three features: the neural arches of the middle caudals 
lying on the cranial half of the centrum; the cranial lobe of the 
ilium rounded in lateral view (also occurring in certain Chinese 
eusauropods, e.g., Mamenchisaurus and Euhelopus); and the pre- 
sacral vertebrae possessing a coarse cancellar tissue structure (also 
occurring in certain Chinese eusauropods, e.g., Mamenchisaurus). 


The following genera are regarded as Titanosauriformes in- 
certae sedis (i.e., it is not clear whether they are more closely re- 
lated to brachiosaurids or titanosaurians or are basal forms): 

Lapparentosaurus is diagnosed by an extremely shallow con- 
cave area at the distal end of the caudal surface of the humerus 
(but see Pelorosaurus conybeari) and the craniolateral surface of 
the proximal end of the femur bearing two distinct ridges that 
extend ventrally and slightly medially across the femoral shaft. 
Lapparentosaurus is a problematic taxon whose relationships 
and anatomy are poorly understood. “Bothriospondylus” is based 
on fragmentary, undiagnosable material from the Middle Juras- 
sic of England (Owen 1875). Lydekker (1895) erected “B.” mada- 
gascariensis, and additional material from Madagascar was re- 
ferred by Lavocat (1955). There is also a partial skeleton from 
France that has been known informally as “French Bothrio- 
spondylus” (McIntosh 1990a). Ogier (1975) described new mate- 
rial from the Bathonian of Madagascar and referred this to 
“Bothriospondylus” sp. The latter new material consists of dis- 
articulated remains of several juvenile sauropods. Bonaparte 
(1986b) demonstrated that “Bothriospondylus” is anomen dubium 
but erected Lapparentosaurus for Ogier’s diagnosable juveniles. 
Bonaparte’s diagnosis for Lapparentosaurus is inadequate. For- 
tunately, the potential autapomorphies listed above, together 
with the highly unusual combination of plesiomorphic and 
derived titanosauriform characters (see below), means that the 
validity of Lapparentosaurus can be accepted for the present. 
Originally based on two dorsal neural arches and spines, referred 
material of Lapparentosaurus also includes numerous vertebrae 
(mainly centra) and most girdle and limb elements. Lapparento- 
saurus was considered to be a brachiosaurid by McIntosh (1990a), 
an identification that received support from the cladistic analy- 
ses of Upchurch (1998). However, the position of Lapparento- 
saurus in the sauropod cladogram is weakly supported, largely 
because this taxon displays a highly unusual combination of de- 
rived and plesiomorphic characters. For example, the vertebrae 
are primitive because the complex system of laminae is only 
weakly developed and pleurocoels are either entirely absent or 
represented by only shallow depressions. Bonaparte emphasized 
these plesiomorphic characters as evidence in support of the 
placement of Lapparentosaurus as a basal sauropod. However, 
Lapparentosaurus limb material displays many derived charac- 
ters of Neosauropoda, Macronaria, or Titanosauriformes. Such 
characters include the placement of the neural arches of the 
middle caudals on the cranial half of the centrum; an ilium with 
a rounded cranial process that is deflected laterally and a greatly 
reduced ischial articulation; and an ischium with a strongly ven- 
trally directed distal shaft. Lapparentosaurus has an unstable po- 
sition in the current phylogenetic analysis, although it contin- 
ues to be placed in various positions within Titanosauriformes. 

Ornithopsis was originally named by Seeley (1870) on the 
basis of two partial vertebrae. One of these came from the Va- 
langinian Hastings Beds of East Sussex, England, while the other 
was found in the Barremian Wessex Formation of the Isle of 
Wight, England. Hulke (1872) described another partial dorsal 
vertebra from the Isle of Wight, which he named Eucamerotus. 
The latter, however, was generally regarded as a junior subjective 
synonym of Ornithopsis, and thus the name Eucamerotus did 
not receive wide acceptance. Blows (1995) revised the taxonomy 
and nomenclature of Early Cretaceous British sauropods and 
concluded that both Ornithopsis and Eucamerotus were valid 
names based on diagnosable material. Seeley (1870) based Or- 
nithopsis on the Isle of Wight dorsal vertebra. This material pos- 
sesses some unusual features; for example, the centrum is wider 
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dorsoventrally than transversely, even though it may come from 
the middle or caudal part of the presacral series. And the pleuro- 
coel occupies the caudal two-thirds of the centrum, whereas in 
most other forms it would be more cranially placed. Blows 
(1995) identified Ornithopsis as a brachiosaurid, although there 
are currently no synapomorphies of that clade known from 
the middle and caudal dorsal centra and arches. Ornithopsis is 
therefore regarded as a potentially distinct form that is probably 
referable to Titanosauriformes on the basis of the coarse cancel- 
lar tissue structure within the body of the centrum. Blows (1995) 
also based Eucamerotus on the original vertebra described by 
Hulke (1872) and similar dorsal vertebrae also from the Wessex 
Formation of the Isle of Wight. Blows (1995) referred to Eu- 
camerotus additional fragments of dorsal vertebrae, as well as 
an as yet undescribed partial skeleton found on the Isle of Wight 
in 1992. Unfortunately, none of the diagnostic characters listed 
by Blows (1995) are autapomorphies. Eucamerotus is regarded as 
an indeterminate titanosauriform sauropod of dubious validity. 

Pelorosaurus conybeari is based ona humerus from Tilgate For- 
est, West Sussex, England (Mantell 1850). Four proximal caudal 
vertebrae found a few meters from this humerus were named 
“Cetiosaurus brevis” by Owen (1842b) and C. conybeari by Mel- 
ville (1849). Upchurch and Martin (2003) restricted Cetiosaurus 
to C. oxoniensis from the Middle Jurassic of Oxfordshire, En- 
gland, and suggested that the material from West Sussex should 
be known as Pelorosaurus conybeari, as proposed by Mantell 
(1850) and McIntosh (1990a). McIntosh (1990a) assigned P. 
conybeari to Brachiosauridae, but Upchurch and Martin (2003) 
concluded that it could not be identified beyond Titanosauri- 
formes incertae sedis. Although the humerus resembles those of 
brachiosaurids, it does not have a prominent deltopectoral crest. 
Furthermore, the absence of a clear hyposphenal ridge in the 
proximal caudals resembles the condition seen in several mem- 
bers of Titanosauria. P. conybeariis difficult to diagnose, although 
it has a shallow olecranon fossa that is deeper in all other sauro- 
pods except Lapparentosaurus (Upchurch and Martin 2003). 

Many other specimens have been referred to Pelorosaurus, 
including a partial forelimb from the Hastings Beds of East Sus- 
sex, England, named Pelorosaurus becklesii by Mantell (1852). 
This forelimb includes a shorter, more robust humerus that is 
distinct from P. conybeari. P. becklesii was identified as the ear- 
liest titanosaurian from Europe by Upchurch (1995). McIntosh 
(1990a) also referred “Dinodocus mackesoni” to Pelorosaurus. 
Dinodocus is based on fragmentary limb elements from the 
Lower Greensand of Kent, England. Too poorly preserved for ad- 
equate diagnosis and comparison, this material is here regarded 
as Sauropoda indet. “Dinodocus” (and therefore P. mackesoni) is 
thus regarded as a nomen dubium. Finally, McIntosh (1990a) men- 
tioned material originally referred to Ornithopsis and a pelvis 
and limb elements described by Swinton (1946), which he re- 
ferred to Pelorosaurus. However, this material may also be either 
Sauropoda indet. or Titanosauriformes indet. Here, therefore, 
Pelorosaurus is restricted to the single species P. conybeari, known 
solely from a humerus and caudals. 

Pleurocoelus is a problematic taxon that cannot be adequately 
diagnosed at present. The material includes fragmentary, dis- 
articulated remains lacking evidence of association from the 
Arundel Clay of Maryland and the Paluxy and Glen Rose forma- 
tions of Texas (Marsh 1888b; Lull 1911a, 1911b; Gilmore 1921; 
Kingham 1962; Langston 1974; Gallup 1989; Gomani et al. 
1999). The Texas material includes an articulated hindlimb and 
pes (Gallup 1989) and a partial skeleton (Winkler et al. 1997a; 
Gomani et al. 1999). The new material belonging to the Texas 
form was briefly described by Gomani et al. (1999), who agreed 
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with Salgado et al. (1997a) that the Texas and Maryland forms 
probably represent distinct genera. “Pleurocoelus-tex” in the data 
matrix is based solely on the Texas material (Langston 1974; 
Gallup 1989; Gomanietal. 1999). This taxon has an unstable po- 
sition within Titanosauriformes and was removed during the 
application of reduced consensus techniques. The Maryland 
Pleurocoelus may also be some form of titanosauriform sauro- 
pod. So far, neither the Texas nor the Maryland taxon has been 
satisfactorily diagnosed, but the name Pleurocoelus is retained 
provisionally pending a full description of new material and tax- 
onomic revision. 

Brachiosauridae, first recognized by Riggs (1904), is a stem- 
based taxon defined as Titanosauriformes more closely related 
to Brachiosaurus than to Saltasaurus (Wilson and Sereno 1998) 
and diagnosed by two features, an enlarged deltopectoral crest on 
the humerus (reversal) and a ratio of humerus length to femur 
length close to 1.0. 

Brachiosaurus is diagnosed by an excavation behind the ar- 
ticular facets of the cervical prezygapophyses, between the 
spinoprezygapophyseal and prezygodiapophyseal laminae; mid- 
cervical spinopostzygapophyseal laminae producing thin me- 
dial laminae that meet on the midline immediately caudal to 
the spine summit, creating a smooth troughlike area; and the 
ungual on manual digit I reduced such that it is subequal in 
length to the first phalanx on manual digit I. B. altithorax is 
known from two partial postcranial skeletons from the Morri- 
son Formation of Colorado and Utah (Riggs 1901b, 1903a). A 
second species, B. brancai, is known from most parts of the skele- 
ton, including several partial skulls, from the Tendaguru Forma- 
tion of Mtwara, Tanzania (Janensch 1914, 1935-36, 1947, 1950a, 
1950b, 1961). 

“Brachiosaurus” atalaiensis is based on vertebrae, forelimbs, 
and pelvic and hindlimb material from the Late Jurassic of Por- 
tugal (Lapparent and Zbyszewski 1957). There is some doubt 
concerning the assignment of this material to Brachiosaurus. 
Aside from the fact that the autapomorphies of Brachiosaurus 
have not yet been reported in the Portuguese material, the latter 
also possesses ischia with a less steeply inclined distal shaft. “B.” 
atalaiensis is therefore provisionally regarded as Brachiosauridae 
incertae sedis. 

“Brachiosaurus” nougaredi is based on a sacrum and forelimb 
elements from the “Continental intercalaire,” Wargla, Algeria 
(Lapparent 1960a). However, none of the autapomorphies of 
Brachiosaurus itself have been identified in this material, and given 
its Albian age, it is probable that “B.” nougaredi is a brachio- 
saurid, but not referable to Brachiosaurus itself. 

Cedarosaurus is diagnosed by the caudal articular faces of the 
proximal caudal vertebrae being deeply concave (a feature also 
occurring in several other sauropods; its status as an autapo- 
morphy needs to be confirmed through precise measurement 
and quantitative definition); the ridge on the lateral margin of 
the radius terminating in a prominent rugosity at its distal end; 
and the distal articular surface of the radius flat (mildly convex 
in all other sauropods). Known from a single partial postcranial 
skeleton from the Lower Cedar Mountain Formation of Utah, 
Cedarosaurus was identified as a brachiosaurid (Tidwell et al. 
1999), and this identification is supported by the sister-taxon re- 
lationship with Brachiosaurus produced by the current cladistic 
analysis (fig. 13.18). 

“Cetiosaurus” humerocristatus is based on a left humerus 
from the Kimmeridge Clay of Dorset, England (Hulke 1874a). 
McIntosh (1990a) regarded “C.” humerocristatus as a distinct, 
unnamed brachiosaurid. Upchurch and Martin (2003) noted 
differences between the humeri of Pelorosaurus conybeari and 


“C.” humerocristatus. The latter is a brachiosaurid, based on the 
long, slender shape of the humerus and the prominent delto- 
pectoral crest (Wilson and Sereno 1998; Upchurch and Martin 
2003). The only potentially diagnostic character concerns the 
deltopectoral crest, which extends to nearly midlength on the 
shaft, whereas in most (but perhaps not all) brachiosaurids it 
ends at approximately one-third of the shaft length. Thus, Up- 
church and Martin (2003) regarded “C.” humerocristatus as a 
potentially distinct taxon but suggested that it would be unsafe 
to erect a new generic name given the material available. 

Dystylosaurus is based on a large cranial-middle dorsal verte- 
bra from the Morrison Formation of Colorado (Jensen 1985b). It 
has not been possible to find autapomorphies in this one verte- 
bra. It generally resembles the dorsal vertebrae of Brachiosaurus, 
although Jensen (1985b) and McIntosh (1990a) noted a number 
of minor proportional differences. Dystylosaurus is provisionally 
retained as a potentially valid brachiosaurid, although the in- 
complete nature of the material means that both its taxonomic 
status and supposed affinities should be treated with extreme 
caution. 

Sauroposeidon is diagnosed by prominent centroparapophy- 
seal laminae on the cervical vertebrae that extend to the caudal 
end of the centrum; deeply excavated cervical neural spines that 
are perforate in the cranial cervicals; and hypertrophied pneu- 
matic fossae that extend to the caudal end of the centrum. Sauro- 
poseidon is presently known only from cervical vertebrae 5-8 
with articulated ribs, from the Antlers Formation of Oklahoma 
(Wedel et al. 2000). Although incomplete, Sauroposeidon is one 
of the largest sauropods currently known, with individual mid- 
cervicals attaining a length of 1.25 m. Cladistic analysis supports 
the view that Sauroposeidon is more closely related to Brachio- 
saurus than to members of Titanosauria (Wedel et al. 2000). 

Titanosauria, a clade named by Bonaparte and Coria (1993), 
is astem-based taxon defined as Titanosauriformes more closely 
related to Saltasaurus than to Brachiosaurus. It should be noted 
that this is the definition given for Somphospondyli by Wilson 
and Sereno (1998). However, Wilson and Sereno (1998) defined 
Titanosauria as all titanosauriform sauropods more closely re- 
lated to Saltasaurus than to Brachiosaurus or Euhelopus. This 
latter definition is problematic for two reasons. First, the use 
of three reference taxa is confusing and superfluous: defining 
Titanosauria simply as somphospondylian sauropods more 
closely related to Saltasaurus than to Euhelopus would have been 
sufficient. Second, and more important, the distinction between 
Titanosauria and Somphospondyli rests on the phylogenetic 
relationships of Euhelopus, a taxon whose affinities are both 
controversial and unstable (compare the position of Euhelopus 
in figure 13.18 with those proposed by Upchurch [1998] and 
Wilson and Sereno [1998]). In general, it is unwise to erect new 
clade names using controversial and unstable reference taxa. 
Here, therefore, we define Titanosauria as all of those taxa more 
closely related to Saltasaurus than to Brachiosaurus, because the 
monophyly of Titanosauriformes is stable and uncontroversial. 
It is diagnosed by two features: prominent caudolateral expan- 
sion of the caudal end of the sternal plate; and the radius and 
ulna being extremely robust (e.g., the radius proximal width is 
at least 33% of the radius length). 

The relationships of Titanosauria have received little atten- 
tion until recently (Curry Rogers and Forster 2001). There are 
many titanosaurian genera that have not been sampled by the 
current (or any previous) analysis, and it is therefore difficult to 
assess whether the current picture of titanosaur relationships 
represents any form of stable consensus view. Considerable dif- 
ficulties can be caused by the premature naming of higher-level 


taxa within a clade whose relationships are poorly understood 
or are unstable. We therefore refrain from constructing a de- 
tailed system of names for use within Titanosauria; instead, we 
use a simple division into basal titanosaurians and more derived 
lithostrotians (see below), with a few members of the latter as- 
signed to Saltasauridae. 

The following taxa are considered to be basal titanosaurians 
(i.e., forms that lie within Titanosauria but outside Lithostrotia): 

Aegyptosaurus is difficult to diagnose on the basis of auta- 
pomorphies, although it differs from the other known sauro- 
pod (Paralititan) from the Cenomanian of Egypt (Smith et al. 
2001). Aegyptosaurus was known from three caudal vertebrae, a 
partial scapula, and nine other limb elements (Stromer 1932), 
but this material was destroyed during Allied bombing of Mu- 
nich during World War II and consequently is not available for 
reexamination. 

Andesaurus is diagnosed by a single autapomorphy: caudal 
dorsal neural spines are twice the height of their centra (al- 
though this feature is not unique among sauropods, it is highly 
unusual for members of Titanosauria to have caudal dorsal, 
sacral, or proximal caudal neural spines with lengths more than 
1.5 times the centrum height). Andesaurus is presently known 
from a fragmentary partial postcranial skeleton from the Rio 
Limay Formation of Neuquén Province, Argentina (Calvo and 
Bonaparte 1991). This potentially important basal titanosaur 
has received only preliminary description, and its generic diag- 
nosis is unsatisfactory. 

Agustinia is diagnosed by: three unique kinds of osteoderms 
(having elongate, dorsolaterally projecting flattened or cylin- 
drical elements; subrhomboidal, or leaf-shaped, elements; and 
large, flat, transversely expanded elements with lateral projec- 
tions). Agustinia is based on fragmentary postcranial material, 
including dorsal, sacral, and caudal neural arches, some hind- 
limb material, anda variety of osteoderms, from the Lohan Cura 
Formation of Neuquén Province, Argentina (Bonaparte 1999b). 
Its fragmentary nature makes its assignment to any of the major 
sauropod clades problematic. Several features indicate affinities 
with either Diplodocoidea or Lithostrotia, including prespinal 
and postspinal laminae on the dorsal neural spines and the dor- 
salization of the proximal caudal neural spines (i.e., complex 
lamination). The dermal armor and six sacral vertebrae of Agus- 
tinia are strongly suggestive of titanosaurian affinities. The un- 
usual nature of the osteoderms led Bonaparte (1999b) to suggest 
that Agustinia should be referred to its own family, Agustiniidae. 
Here, however, this genus is provisionally regarded as Titano- 
sauria incertae sedis. 

Argentinosaurus is diagnosed by additional articular areas 
ventrolateral to the hyposphene in dorsal vertebrae (also occur- 
ring in Epachthosaurus, but these two genera differ in other re- 
spects), tubular cylindrical dorsal ribs, and possibly the proxi- 
mal end of the tibia rising to a peak at its caudal margin in 
medial view. Known froma partial postcranial skeleton from the 
Rio Limay Formation of Neuquén Province, Argentina (Bona- 
parte and Coria 1993), Argentinosaurus is one of the largest 
known sauropods. Its body length is difficult to determine pre- 
cisely (because the head, neck, and tail are missing), but the dor- 
sal centra reach diameters close to 500 mm. Although Argentino- 
saurus is a member of Titanosauria, its relationships have not 
been fully resolved. Salgado et al. (1997a) placed this taxon in- 
side Lithostrotia (as defined below), but the current analysis 
suggests that Argentinosaurus lies outside that clade. The latter 
view is supported by several important characters. For example, 
Argentinosaurus is a plesiomorphic titanosaurian insofar as it re- 
tains a hyposphene-hypantrum system in the dorsal series. 
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Argyrosaurus is diagnosed by proximal caudal vertebrae with 
craniocaudally short and dorsoventrally tall neural arches. Argyro- 
saurus is known from a large left forelimb and manus from the 
Late Cretaceous of Chubut and Santa Cruz provinces, Argentina 
(Lydekker 1893a; Huene 1929b; Powell 1986; Bonaparte 1996b). 
A femur and a caudal vertebra from other localities have been 
referred to this genus, but the lack of commensurate elements 
means that these assignments cannot be sustained at present 
(McIntosh 1990a). Three dorsals, three caudals, a scapula, a 
humerus, both radii and ulnae, and a partial femur and tibia 
from the Bajo Barreal Formation have also been referred to Argyro- 
saurus by Powell (1986) and Bonaparte (1996b). The metacarpals 
are long as in other macronarians, and the humerus has the 
same square proximal end in cranial view as seen in Saltasaurus 
and Opisthocoelicaudia. The ulna and radius are robust, and the 
proximal end of the ulna has a prominent olecranon process 
and a concave articular surface on its craniomedial process. The 
latter characters support the assignment of this genus to Titano- 
sauria (Upchurch 1995, 1998). The validity of Argyrosaurus is 
questionable at present. The one potential autapomorphy re- 
quires careful quantification and comparison with other titano- 
saurians. Furthermore, this feature is present in the referred 
caudals, and thus at the moment there is no satisfactory way of 
diagnosing Argyrosaurus, which may eventually have to be des- 
ignated a nomen dubium. 

Austrosaurus is based on three dorsal vertebrae from the Al- 
laru Formation (Albian), Queensland, Australia (Longman 1933; 
Coombs and Molnar 1981). Coombs and Molnar (1981) de- 
scribed referred vertebrae and limb elements from the Winton 
Formation of Queensland, Australia, although this assignment 
to Austrosaurus was based largely on similarities in bone texture. 
The large cancellar spaces observed in the dorsal centra are a 
derived condition of Titanosauriformes (Upchurch 1998), so the 
precise assignment of the new material to Austrosaurus is not 
well supported. McIntosh (1990a) listed Austrosaurus as Sauro- 
poda incertae sedis. However, the cladistic analysis presented in 
this study demonstrates that this Australian form is a member 
of Titanosauria, although it probably lies outside Lithostrotia 
(fig. 13.18). 

Chubutisaurus has not yet been diagnosed by autapomorphies 
or unique combinations of characters. Although it may prove 
useful to include this taxon in cladistic analyses, because of its 
apparent basal position in Titanosauria, it remains difficult to 
maintain the existence of this form as a valid genus. Future 
studies may wish to consider Chubutisaurus to be a nomen du- 
bium. Chubutisaurus is known from a dorsal centrum, a dorsal 
neural arch, a dorsal spine, ten incomplete caudals, a humerus, 
aradius, an ulna, four metacarpals, a femur, and a tibia from the 
Cerro Barcino Formation of Chubut Province, Argentina (Corro 
1974; Bonaparte 1996b; but see Salgado 1993, which gives the 
provenance of this material as the “Gorro Frigio” formation of 
Aptian age). Chubutisaurus was assigned to Brachiosauridae by 
McIntosh (1990a), but Bonaparte (1996b) expressed doubts 
about this identification. Salgado (1993) and cladistic analysis 
(Upchurch, unpubl. data) suggest that Chubutisaurus is probably 
a basal titanosaurian. 

Epachthosaurus is diagnosed by dorsal pleurocoels larger than 
those for any other titanosaurian. The diagnosis of this taxon 
provided by Powell (1990) is not satisfactory: it includes several 
features (e.g., axially compressed dorsal neural spines) that are 
widespread among other titanosaurians, and the autapomor- 
phy relating to pleurocoel size requires more precise definition 
and may represent the retention of the plesiomorphic condi- 
tion. Nevertheless, Epachthosaurus possesses the additional artic- 
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ulations ventrolateral to the dorsal hyposphene otherwise seen 
only in Argentinosaurus. Therefore, the former is likely to be a 
distinct form. Based on a single dorsal vertebra and a cast of six 
dorsals articulated with a partial sacrum and part of the pubic 
peduncle of the ilium, Epachthosaurus is known from the Bajo 
Barreal Formation, Chubut Province, Argentina (Powell 1986, 
1990; Bonaparte 1996b). It has only been included in one pub- 
lished cladistic analysis (Salgado et al. 1997a), where it formed 
a tritomy with Malawisaurus and other lithostrotians. The 
hyposphene-hypantrum system, along with other features, 
suggests that Epachthosaurus lies outside Lithostrotia, and it is 
therefore treated provisionally as a basal titanosaurian. 

Huabeisaurus is diagnosed by an iliac blade that is extremely 
deep dorsoventrally (in lateral view) relative to that of other 
sauropods, reaching its greatest dorsoventral depth at a point 
just cranial to the cranial termination of the pubic peduncle; 
and a cranial iliac lobe that is strongly curved ventrally, so that 
the cranial termination of the lobe lies on the same level as a line 
drawn between the ventral tips of the ischial and pubic pedun- 
cles. Huabeisaurus is based on a reasonably complete postcranial 
skeleton and a few associated teeth. Recovered from Upper Cre- 
taceous deposits in China (Pang and Cheng 2000), it is thus of 
considerable systematic and palaeobiogeographic interest. The 
majority of the features mentioned in the original diagnosis 
are neosauropod or titanosaurian symplesiomorphies, but the 
ilium possesses a number of apomorphic characters (see above). 
It was initially suggested that Huabeisaurus should be referred 
to Huabeisauridae. However, the combination of characters pres- 
ent in the material—peglike teeth, a dorsolateral bulge on the fe- 
mur, cranially positioned neural arches on the caudal vertebrae, 
a rounded cranial margin to the cranial iliac process—indicates 
titanosauriform or even titanosaurian affinities, although the 
absence of procoelous caudal vertebrae excludes Huabeisaurus 
from Lithostrotia. 

Janenschia is diagnosed by metatarsal V being shorter than 
metatarsal I and the ungual on pedal digit I being longer 
than metatarsal I and phalanx I-1 combined. The generic diag- 
nosis provided by Bonaparte et al. (2000) is inadequate. For ex- 
ample, although the two cnemial crests cited by them would be 
an autapomorphy, it may be that the more lateral cnemial crest 
is the lateral projection articulating with the medial face of the 
proximal end of the fibula that is seen in most sauropod tibiae. 
Janenschia is known from fore- and hindlimb material from the 
Tendaguru Formation of Mtwara, Tanzania (Wild 1991; Bona- 
parte et al. 2000). The taxonomy of Tendaguru sauropods is 
complex. Janenschia is based on part of the material named 
Tornieria by Sternfeld (1911), while other parts of this genus have 
been assigned to Tendaguria or Tornieria or are regarded as in- 
determinate at the generic level (Bonaparte et al. 2000). Bona- 
parte et al. (2000) identified Janenschia as family indet. within 
Sauropoda, although they suggested that it shows affinities with 
Camarasaurus. However, none of the preserved elements dis- 
plays any of the autapomorphies of Camarasaurus. As noted 
by Upchurch (1995), the radius and ulna are robust, and the 
latter has a well-developed olecranon and a concave area on the 
articular surface of the craniomedial process of the proximal 
end, features that are synapomorphies of Titanosauria (Up- 
church 1995, 1998; Wilson and Sereno 1998). Thus, Janenschia 
represents the earliest known osteological evidence for titano- 
saurians. It is provisionally regarded as a basal titanosaurian 
pending its inclusion in a cladistic analysis. 

Phuwiangosaurus is diagnosed by cranial cervicals with low, 
wide neural arches and the transverse widths of the proximal 
and distal ends of the humerus subequal. Martin et al. (1994, 


1999) listed numerous diagnostic characters for Phuwiangosaurus, 
but many of these (e.g., bifurcate presacral neural spines, dorso- 
laterally directed dorsal transverse processes, and the cranio- 
caudal flattening of the femoral shaft) have a wider phyloge- 
netic distribution among sauropods. Known from a partial 
postcranial skeleton, numerous disarticulated elements, and 
fragments of skull and juvenile material from the Sao Khua For- 
mation of Thailand (Martin et al. 1999), Phuwiangosaurus was 
initially regarded as an enigmatic sauropod that could not be 
easily placed in any of the major sauropod clades (Martin et al. 
1994). Subsequent cladistic analysis, however, suggests that this 
Thai sauropod represents one of the most basal titanosaurians 
(Upchurch 1998; and the current analysis). 

Tangvayosaurus is based on two partially articulated skeletons 
from the “Grés supérieurs” Formation, Savannakhet Province, 
Laos (Allain et al. 1999). All of the diagnostic characters listed by 
Allain et al. (1999), such as the caudal neural arches positioned 
cranially and the proximal third of the femoral shaft deflected 
medially, are widespread among other sauropods, especially 
titanosauriforms. The validity of this genus has not been estab- 
lished convincingly, although it is retained here because it is dis- 
tinct from the only other Early Cretaceous southeastern Asian 
titanosaurian, Phuwiangosaurus. Allain et al. (1999) also referred 
the material of Titanosaurus falloti to Tangvayosaurus, but it is 
difficult to see how this can be justified given that neither taxon 
is adequately diagnosed by recognizable autapomorphies at 
present. The precise phylogenetic relationships of Tangvayosaurus 
have not yet been assessed using cladistic analysis, but it is here 
considered to be a basal titanosaurian because it possesses a 
short, wide ischium and lacks procoelous caudal vertebrae. 

Venenosaurus is diagnosed by proximal caudal centra having 
a mildly convex cranial articular surface and midcaudal neural 
spines directed craniodorsally (also occurring in Cedarosaurus 
and Aeolosaurus). Known from a single disarticulated partial 
postcranial skeleton (caudals, chevrons, ribs, and representative 
limb elements) from the Lower Cedar Mountain Formation of 
Utah (Tidwell et al. 2001), Venenosaurus was considered a mem- 
ber of Titanosauriformes (Tidwell et al. 2001), but whether it is 
more closely related to brachiosaurids or titanosaurians could 
not be determined. The well-developed olecranon, the concave 
surface of the ulnar craniomedial process, and the shortening 
of the ischium relative to the pubis all suggest that Venenosaurus 
is a basal titanosaurian. This proposal should be tested by incor- 
porating Venenosaurus into a cladistic analysis. 

Lithostrotia nomen novum from the Greek lithostrotos, “inlaid 
with stones,” referring to the large and small osteoderms em- 
bedded in the skin of advanced titanosaurians, is a node-based 
taxon defined as the most recent common ancestor of Malawi- 
saurus and Saltasaurus and all the descendants of that ancestor. 
It is diagnosed by strongly procoelous proximal caudal centra 
(convergently acquired in Mamenchisaurus) and the presence of 
strong procoely in all except the most distal caudals. 

Aeolosaurus is diagnosed by the craniodorsal corner of the 
neural spine in the middle caudals projecting forward, so that 
it overhangs the cranial face of the centrum, and a prominent 
knoblike process on the deltopectoral crest of the humerus. 
Aeolosaurus was originally known from seven caudal vertebrae, 
partial left and right scapulae, left and right humeri, five meta- 
carpals, a right tibia and fibula, and an astragalus from the An- 
gostura Colorada Formation of Rio Negro Province, Argentina 
(Powell 1987c; Bonaparte 1996b; Salgado et al. 1997b), and fur- 
ther material referred to Aeolosaurus from the Allen Formation 
of Rio Negro Province was described by Salgado and Coria 
(1993). Salgado et al. (1997b) also described a referred partial 


skeleton from the Los Alamitos Formation, Rio Negro Province, 
consisting of four caudal vertebrae, two sternal plates, a left 
humerus, two metacarpals, a partial left femur, a left tibia, a 
fibula, an astragalus, and four metatarsals, plus a referred se- 
quence of 15 caudal vertebrae. Acolosaurus was included in the 
cladistic analysis of Salgado et al. (1997a), where it was placed 
within the lithostrotian clade. 

Alamosaurus is diagnosed by the absence of caudal ribs from 
caudal vertebra 9 onward and an acute rather than broad cranio- 
lateral process of the sternal plate. Alamosaurus is known from 
a scapula, ischia, and sacral vertebrae from the Lower Kirtland 
Formation of New Mexico (Gilmore 1922, 1946b; Mateer 1976). 
In addition, slender cylindrical teeth from the Kirkland and 
Fruitland formations of New Mexico have been referred to Alamo- 
saurus by Kues et al. (1980); there are fragmentary remains 
from Texas (Lawson 1972; Lucas and Hunt 1989); and Gilmore 
(1946b) described a partial postcranial skeleton from the North 
Horn Formation of Utah. Recently, new material belonging to 
Alamosaurus was reported by Lehman and Coulson (2002). 
Alamosaurus has been implicated in a Late Cretaceous faunal 
exchange between South and North America (Lucas and Hunt 
1989; Gayet et al. 1992; Sullivan and Lucas 2000). It has been 
suggested that sauropods died out in North America after the 
Albian and perhaps reinvaded in the Campanian (Sullivan and 
Lucas 2000). Although this remains a possibility, it is no longer 
clear that lithostrotians dispersed north from South America: 
the reinterpretation of Opisthocoelicaudia as a Late Cretaceous 
lithostrotian has opened up an alternative scenario in which 
sauropods dispersed from Asia into North America (Upchurch 
1998; Wilson and Sereno 1998). 

Ampelosaurus is diagnosed by dorsal neural arches and spines 
that are directed strongly caudodorsally at an angle of nearly 
45° to the vertical. Le Loeuff’s (1995) diagnosis is generally in- 
adequate because most of the characters listed (e.g., presence of 
osteoderms and a ventral ridge on the medial surface of the 
scapula) are present in several other titanosaurians. The caudo- 
dorsal projection of the dorsal neural arches and spines also oc- 
curs in several other titanosaurians but is particularly extreme in 
Ampelosaurus. Ampelosaurus is known from three articulated 
dorsal vertebrae, a tooth, dorsal and caudal vertebrae, dorsal ribs 
and chevrons, and most girdle and limb elements. This material 
is known from the Marnes Rouges Inférieures Formation of 
Aude, France (Le Loeuff 1995). Found in 1988, Ampelosaurus has 
not yet been incorporated into a published cladistic analysis. 
The strongly procoelous centra throughout the caudal series, as 
well as several other derived characters, suggests that this form 
is amember of the advanced lithostrotian clade. 

Antarctosaurus represents one of the most intriguing and 
problematic of Cretaceous sauropods. A. wichmannianus was 
founded on portions of skull and a partial postcranial skeleton 
from the Rio Colorado Formation of Rio Negro Province, Ar- 
gentina (Huene 1929b; Bonaparte and Bossi 1967; Bonaparte 
1996b), but the degree of association of these elements is not 
certain. The mandibles closely resemble those of diplodocoid 
sauropods, especially with regard to their rectangular outline in 
dorsal view (Sereno et al. 1999; Upchurch 1999), whereas much 
of the rest of the material belongs to a titanosaurian. As a result, 
there has been considerable disagreement concerning the phylo- 
genetic relationships and status of this taxon. For example, sev- 
eral authors have regarded A. wichmannianus as a titanosaurian 
(McIntosh 1990a; Bonaparte 1996b; Salgado and Calvo 1997; 
Salgado et al. 1997a), while others have suggested that it is a 
diplodocoid (Jacobs et al. 1993; Wilson and Sereno 1998; Sereno 
et al. 1999; Upchurch 1999). Cladistic analysis has not yet satis- 
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factorily resolved this debate, since the only two published 
analyses that include A. wichmannianus place it within Diplo- 
docoidea (Upchurch 1999) or Titanosauria (Curry Rogers and 
Forster 2001). Other species assigned to Antarctosaurus, includ- 
ing A. giganteus and A. brasiliensis, are based on incomplete and 
fragmentary material and are here regarded as nomina dubia. 

Gondwanatitan is diagnosed by the caudal articular surfaces 
of the proximal and midcaudal centra being heart-shaped in out- 
line; the proximal articular surface of the tibia projecting dor- 
sally; and the tibial cnemial crest only slightly deflected later- 
ally. Gondwanatitan is known from a partial postcranial skeleton 
from the Bauru Group of Sao Paulo, Brazil (Kellner and Azevedo 
1999). 

Jainosaurus is based on a partial skeleton from the Lameta 
Formation of Jabalpur, Madhya Pradesh, India, that was origi- 
nally considered Antarctosaurus septentrionalis by Huene and 
Matley (1933). They originally suggested that there were remains 
of three or four individuals of A. septentrionalis at this locality. 
Matley (1921), however, noted that the dorsal ribs were found 
lying parallel to each other, suggesting that a single individual 
might be present. This suggestion is also supported by there be- 
ing no duplication of elements and by the scapulae being from 
the right and left sides. Huene and Matley’s arguments for pro- 
posing several individuals rest largely on incorrect beliefs con- 
cerning sauropod limb proportions. The characters cited by 
Huene and Matley (1933) to justify assignment to Antarctosaurus 
are not convincing. A. wichmannianus itself was not satisfacto- 
rily diagnosed by Huene in 1929, and the supposed similarities 
with the Indian material either are defined in vague terms or are 
now recognized as symplesiomorphies (Huene 1929b). There- 
fore, this material was renamed Jainosaurus by Hunt et al. (1994) 
and is regarded here as a provisionally valid titanosaurian that 
is distinct at the generic level from A. wichmannianus. 

Jiangshanosaurus is diagnosed by the large proximal expan- 
sion of the scapula, giving this element a P-shaped profile in lat- 
eral view, and the coracoid foramen lying at the center of the 
coracoid (the coracoid foramen is displaced forward and/or 
upward in some European titanosaurs). Known from a partial 
skeleton from the Jinhua Formation of Zhejiang, People’s Re- 
public of China (Tang et al. 2001), Jiangshanosaurus was identi- 
fied as a titanosaurian. This identification is supported by sev- 
eral features, including strongly opisthocoelous dorsal centra 
(a synapomorphy of Camarasauromorpha), pneumatization of 
the dorsal ribs (a synapomorphy of Titanosauriformes), and the 
scapular glenoid facing medially (as occurs in Euhelopus and 
titanosaurs [Wilson and Sereno 1998]). There is also some evi- 
dence that Jiangshanosaurus represents a derived titanosaur, per- 
haps a member of Lithostrotia. For example, procoely is present 
in the proximal caudals and persists to at least the middle of the 
tail. 

Laplatasaurus has not yet been diagnosed by any autapo- 
morphies, although this may partly reflect the uncertainties 
surrounding the material that can be accurately assigned to this 
taxon. The only attempt to diagnose Laplatasaurus was by Mc- 
Intosh (1990a), although this focused on distinguishing the 
former from Saltasaurus. Laplatasaurus is provisionally retained 
as potentially valid pending detailed taxonomic revision of the 
Late Cretaceous South American titanosaurians. Huene (1929b) 
grouped together material from three quarries in Argentina 
and named this Laplatasaurus. More recently, Bonaparte and 
Gasparini (1979) based Laplatasaurus on a tibia and fibula from 
Huene’s reference collection. This material was found in the 
Allen Formation of Rio Negro Province, Argentina (Bonaparte 
1996b). McIntosh (1990a) also listed referred material from a va- 
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riety of different geologic formations in Argentina and Uruguay. 
Laplatasaurus has a slightly complicated taxonomic history. 
Powell (1986) proposed that the first-named species, L. araukani- 
cus, Should be assigned to Titanosaurus on the basis of similarities 
with the caudal vertebrae of the Indian T. indicus. Titanosaurus 
is a highly problematic genus (see below), and it is unwise to 
assign Laplatasaurus to Titanosaurus until the latter has been 
defined and diagnosed precisely. Furthermore, the characters 
used to synonymize Laplatasaurus and Titanosaurus are un- 
convincing; for example, the characteristic transversely com- 
pressed midcaudals of T: indicus occur in a number of different 
titanosaurian genera. Here, therefore, we provisionally sup- 
port McIntosh’s (1990a) proposal that the name Laplatasaurus 
be retained pending taxonomic revision. 

Lirainosaurus is diagnosed by the caudal articular condyle 
being restricted in the distal caudal vertebrae; a sagittal condylar 
groove on the caudal articular condyle of the distal caudal ver- 
tebrae; the lamina in the interzygapophyseal fossa in the proxi- 
mal caudal vertebrae; the spinopostzygapophyseal structure not 
caudally directed in the distal caudal vertebrae; a craniolateral 
process on the sternal plate; and a ridge near the ventral margin 
of the medial surface of the scapular blade. Although these six 
autapomorphies are listed by Sanz et al. (1999), there are doubts 
about the validity of at least some of them. For example, the 
ridges reported on the sternal plate and the scapular blade are 
found in several other titanosaurians. Lirainosaurus, known from 
a fragment of braincase, isolated teeth, and numerous vertebrae 
and limb elements found at Lanio, Spain, represents one of the 
best-known European titanosaurians. 

Magyarosaurus is diagnosed by proximal caudals having a 
pit on either side of the midline, between the bases of the pre- 
zygapophyses, a marked depression on the lateral surface of the 
neural arches of proximal caudals, at the base of the pre- 
zygapophysis. This taxon requires major revision, and its diag- 
nosis is provisional. Nopcsa (1915) described Titanosaurus dacus 
on the basis of large amounts of scattered and disarticulated ma- 
terial from the Sanpetru Formation of Romania. Huene (1932) 
transferred this and other material to the new genus Magyaro- 
saurus, which he divided into three species. Association is not 
known, anda large amount of disarticulated material was found 
over a wide area. Most of the material belongs to small individ- 
uals (femur length 500-600 mm) and includes a portion of 
braincase, vertebrae, and most limb elements from many differ- 
ent individuals. Magyarosaurus has not yet been considered in 
any published cladistic analysis, but the morphology of many 
elements (e.g., the dorsal and proximal caudal vertebrae) indi- 
cates that it is probably an advanced lithostrotian. 

Malawisaurus is diagnosed on the following autapomorphy: 
the premaxillary ascending process is vertical and placed close 
to the extreme rostral tip of the snout. Jacobs et al. (1993) listed 
a number of other diagnostic characters, but most of these (e.g., 
procoelous proximal caudal vertebrae, long cervical ribs, un- 
bifurcated presacral neural spines, and a transversely broad is- 
chium) are widespread among other titanosaurians. A proximal 
caudal described as Gigantosaurus dixeyi by Haughton (1928) 
formed the basis for Malawisaurus, although Haughton’s remain- 
ing material, including a pubis, a partial scapula, and a sternal 
plate, was also included (Jacobs et al. 1993). The new referred 
material described by Jacobs et al. (1993) includes a premaxilla, 
a dentary, isolated teeth, cervical, dorsal, and caudal vertebrae, 
a sternal plate, and an ischium. Since 1993, additional material 
has been prepared, and some of it has received preliminary de- 
scription (Jacobs et al. 1996; Gomani 1999; Gomani et al. 1999). 
Malawisaurus is known from the Dinosaur Beds of Northern 


Province, Malawi. Although titanosaurian skull material was 
known prior to 1993 (e.g., Berman and Jain 1982), either it had 
been found in isolation (i.e., without associated postcranial ma- 
terial) or its association and taxonomic status were controversial 
(e.g., Antarctosaurus wichmannianus). The discovery of Malawi- 
saurus, therefore, represented an important advance in our 
understanding of titanosaurian anatomy and evolution. In par- 
ticular, the skull more closely resembles those of Camarasaurus 
and Brachiosaurus than it does those of diplodocoids, adding fur- 
ther support to the view that titanosaurians and brachiosaurids 
are sister clades. It should be noted, however, that subsequent 
discoveries suggest that at least some lithostrotians convergently 
acquired a long, low, diplodocoid-like skull (Salgado and Calvo 
1997; Upchurch 1999; Curry Rogers and Forster 2001). 

Paralititan is diagnosed by a tabular process on the caudo- 
ventral margin of the scapula, distal to the proximal expansion; 
a humerus with a medial ridge on the proximocaudal face; and 
a rectangular radial condyle of the humerus. Paralititan is known 
from vertebrae, pectoral girdle, and forelimb elements of a large 
sauropod from the Baharija Formation of Egypt (Smith et al. 
2001). Paralititan is an important discovery because little is 
known concerning the titanosaurians from the Late Cretaceous 
of Africa, especially given the destruction of all Aegyptosaurus 
material (see above). Paralititan was found in intertidal deposits, 
indicating that at least some sauropods habitually frequented 
mangrovelike environments (Smith et al. 2001). 

Pelligrinisaurus is diagnosed by caudal dorsal centra com- 
pressed dorsoventrally, so that their transverse diameters are 
twice their dorsoventral heights; mid-distal and distal caudal 
neural spines elongate axially, depressed dorsally, and higher at 
the cranial end than at the distal end. Pelligrinisaurus is known 
from 4 dorsal and 26 incomplete caudal vertebrae and a partial 
femur from the lower part of the Allen Formation of Rio Negro 
Province, Argentina (Salgado 1996). Although estimation of 
body size is difficult because of the fragmentary nature of this 
material, Pelligrinisaurus is notable for its large size (body length 
up to 25 m) relative to most of the Late Cretaceous South Amer- 
ican titanosaurians. 

Rapetosaurus is diagnosed by an enlarged antorbital fenestra 
extending over the tooth row; a preantorbital fenestra posi- 
tioned caudal to the antorbital fenestra; a rostrally located, 
dorsoventrally elongate subnarial foramen; a narrow and caudo- 
dorsally elongate maxillary jugal process; a median dome on the 
frontal; a V-shaped quadratojugal articulation on the quadrate; 
the supraoccipital having two rostrally directed median parietal 
processes; the rostral process of the pterygoid dorsoventrally 
expanded; the basipterygoid articulation of the pterygoid ex- 
tremely shallow; the basipterygoid processes only diverging 
close to their distal ends; and a dentary with 11 alveoli, which 
cover two-thirds of the length of this element. Curry Rogers 
and Forster (2001) listed many diagnostic features pertaining to 
the tail and the appendicular skeleton, but many of these have 
a more widespread distribution among titanosaurians and are 
therefore omitted as autapomorphies of Rapetosaurus. Rapeto- 
saurus is known from skull elements of an adult and skull mate- 
rial of two juveniles associated with a postcranial skeleton from 
the Maevarano Formation of Madagascar (Curry Rogers and 
Forster 2001). Rapetosaurus represents one of the few titano- 
saurians in which associated skull and postcranial material is 
available. Inclusion of this taxon in phylogenetic analyses may 
have an important impact on cladogram topology; for ex- 
ample, the analysis presented by Curry Rogers and Forster 
(2001) suggests that Rapetosaurus may provide evidence in sup- 
port of the placement of nemegtosaurids within Titanosauria. 


Rapetosaurus also provides new insight into the anatomy of 
titanosaurians. 

Rocasaurus is diagnosed by a deep cavity on the ventral sur- 
face of the caudal vertebrae that is subdivided by a longitudinal 
ridge (also occurring in Saltasaurus); caudal vertebrae with a 
caudal articular condyle that is depressed relative to the cen- 
trum and oriented cranioventrally; a distal expansion on the 
lateral margin of the pubis; and a prominent lamina on the 
ischium. Rocasaurus is based on a partial skeleton of a juvenile 
individual that includes cervical, dorsal, sacral, and caudal ver- 
tebrae, most elements of the pelvic girdle, and a femur from the 
Allen Formation of Rio Negro Province, Argentina (Salgado and 
Azpilicueta 2000). Additional vertebrae from the same locality 
have been referred to this form. Several features of the material 
(e.g., strongly procoelous caudal vertebrae, proportions of the 
pelvic elements, a prespinal lamina, ventral excavation on the 
caudal vertebrae) suggest that Rocasaurus is nested firmly within 
Lithostrotia. 

Titanosaurus is in need of detailed revision. T. indicus was 
originally based on two midcaudal vertebrae from the Lameta 
Formation of Jabalpur, Madhya Pradesh, India (Lydekker 1877), 
but numerous fragmentary remains from the Late Cretaceous 
of India have been referred to this species (Chatterjee and Rudra 
1996). In addition, several other species have been assigned to 
this genus based on material from the Late Cretaceous of Mada- 
gascar, Argentina, Laos, and Europe, as well as the Early Creta- 
ceous of Europe (Lydekker 1879; Depéret 1896; Nopcsa 1915; 
Huene 1927, 1929b; Huene and Matley 1933; Hoffet 1942; Lap- 
parent 1947; Swinton 1947; Steel 1970; McIntosh 1990a; Jain 
and Bandyopadhyay 1997). Some of these species have been 
assigned to other genera or are indeterminate. The material as- 
signed to T: colberti by Jain and Bandyopadhyay (1997) is distinct 
from T: indicus at the generic level and probably deserves a new 
generic name (Wilson and Upchurch 2003). 

Saltasauridae, a taxon named by Bonaparte and Powell (1980), 
is a node-based taxon defined as the least inclusive clade con- 
taining Opisthocoelicaudia and Saltasaurus, a definition suggested 
by Sereno (1998) and followed by Wilson (2002) and Wilson 
and Upchurch (2003). It is diagnosed by a parapophysis lying 
directly below the diapophysis in the caudal dorsal vertebrae; 
proximal caudal vertebrae having broad and deep fossae on the 
ventral surface of each centrum; proximal caudal neural spines 
that are wider transversely than axially and possess complex 
lamination; and a prominent, rounded process located at the 
junction of the proximal and lateral surfaces of the humerus. 

Neuquensaurus is diagnosed solely by proximal caudal centra 
with small but well-defined oval pleurocoel-like openings (not 
a unique feature within Sauropoda because such a feature occurs 
in advanced diplodocids). Lydekker (1893a) named a new 
species of Titanosaurus, T. australis, on the basis of caudal verte- 
brae from Argentina. Further material, including several sets of 
vertebrae and many limb elements, was collected early in the 
twentieth century (Huene 1929b) and assigned to T: australis. 
Adequate records of which material was found in which locali- 
ties are not available, although the material may have come 
from, respectively, the Rio Colorado and Allen formations of 
Neuquén and Rio Negro provinces, Argentina (Bonaparte 
1996b). This material was removed from Titanosaurus and used 
as the basis for a new genus, Neuquensaurus, by Powell (1986). 
McIntosh (1990a) suggested that Neuquensaurus and Saltasaurus 
were effectively congeneric and therefore coined the new com- 
bination “Saltasaurus australis,” although Bonaparte (1996b) and 
most subsequent workers have preferred to retain the generic- 
level separation. Powell (1986) also assigned Titanosaurus robustus 
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to Neuquensaurus, creating the new combination N. robustus 
based on aright and left ulna, a left radius, anda left femur. These 
specimens, first described by Huene (1929b), come from both 
the Allen and Rio Colorado formations. Curiously, although 
Bonaparte (1996b) cited Powell (1986) as the creator of the new 
combination N. robustus, he went on to state that Powell re- 
garded this taxon as a nomen dubium. McIntosh (1990a) again 
transferred this species to Saltasaurus. Given the problems re- 
garding associations between the various remains, the validity of 
Neuquensaurus should be treated with some caution since it prob- 
ably contains material from more than one genus. Phylogenetic 
analysis supports the view that Neuquensaurus and Saltasaurus 
are probably closely related taxa (Salgado et al. 1997a). 

Opisthocoelicaudia is diagnosed by dorsal and sacral centra 
having a concave ventral surface that bears a ventral midline 
keel; opisthocoelous proximal caudal centra (i.e., their cranial 
articular surfaces bear hemispherical articulations and their 
caudal articular surfaces are cupped); and pubes and ischia co- 
ossified throughout their lengths and closing the opening nor- 
mally present in the ventral floor of the pelvis. Opisthocoelicau- 
dia is known from an articulated partial skeleton that is nearly 
complete apart from the loss of the skull and neck and from a 
scapulocoracoid belonging to a smaller individual. Found in 
the Nemegt Formation of Mongolia (Borsuk-Bialynicka 1977), 
Opisthocoelicaudia was originally considered to be a camara- 
saurid by Borsuk-Bialynicka (1977) and McIntosh (1990a). This 
taxon, however, possesses many of the synapomorphies of 
Titanosauria and Lithostrotia, including six co-ossified sacral 
vertebrae, a manus that lacks phalanges and has an elongate 
metacarpal I, and a shortened ischium with a transversely ex- 
panded distal blade (Gimenez 1992; Salgado 1993; Upchurch 
1995, 1998; Wilson and Sereno 1998), and it is therefore now 
widely considered to be an advanced lithostrotian closely re- 
lated to either Alamosaurus or Saltasaurus. 

Saltasaurus is diagnosed by fused basal tubera; proximal cau- 
dal vertebrae approximately twice as wide (measured between 
the tips of the caudal ribs) as high; proximal caudal ribs that are 
robust and expanded dorsoventrally at their distal ends; and 
cranial and midcaudal centra having a midline ridge on their 
ventral surfaces within the ventral fossae. Saltasaurus is known 
from portions of the skulls, vertebrae, and limb elements of at 
least five individuals from the Lecho Formation of Salta Prov- 
ince, Argentina (Bonaparte and Powell 1980). A small sauropod, 
Saltasaurus confirmed, when first discovered, that at least some 
titanosaurians had body armor. The armor consists of large oval 
plates, some bearing ridges or spines, as well as small ossicles 
(ca. 10 mm in diameter) resembling those of indeterminate 
titanosaurian material (Pelorosaurus becklesii) from the Early Cre- 
taceous of England (Mantell 1852). 


Paleobiology, Taphonomy, and Paleoecology 


Early discoveries of fragmentary sauropod material (Cetiosaurus) 
were interpreted as marine crocodiles (Owen 1841, 1842a, 1842b). 
Large body size and anatomical features thought to be associ- 
ated with an aquatic lifestyle (e.g., the lack of medullary cavities 
in the limb bones) were cited in support of this conclusion; 
the identification of the material as crocodilian may also have 
predisposed Owen to suggest aquatic habits for this animal (Owen 
1841, 1842b). However, better-preserved specimens allowed 
Phillips (1871) to recognize that sauropods were terrestrial, prob- 
ably herbivorous animals. In particular, the structure of the 
limbs and joints indicates terrestrial rather than aquatic loco- 
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motion (Phillips 1871). The recovery of isolated robust limb bones 
also suggested that sauropods had a terrestrial habitus (Mantell 
1850; Hulke 1869). Discoveries of complete, well-preserved 
skeletons in the Western Interior of the United States were 
accompanied by a great deal of speculation on sauropod paleo- 
biology. Consideration of limb structure initially led both Cope 
and Marsh to envisage sauropods as fully terrestrial (Marsh 1877a, 
1877b, 1877c, 1878a; Cope 1878b, 1878c), but other anatomical 
features, notably the retracted external nares, large air-filled 
pleurocoels in the vertebrae, the seemingly weak and inefficient 
masticatory apparatus, and the elongate neck, later convinced 
them of an amphibious lifestyle (Cope 1878a, 1878d, 1884; Marsh 
1883, 1884). This view was adopted subsequently by many other 
authors (e.g., Osborn 1899a; Hatcher 1901, 1903c; Hay 1908, 
1910; Matthew 1910), and a picture emerged of sauropods as 
animals that were largely confined to water by an inability to 
support their own weight on land. The long necks and dorsally 
positioned nostrils were hypothesized to function as snorkels 
to permit breathing while standing on the beds of deep rivers 
and lakes. Pneumatic vertebrae were envisioned as floatation 
devices that buoyed the animal up, while the stout limbs were 
suggested to have acted as anchors to keep the feet in contact 
with the riverbed to allow traction for locomotion. Although 
Riggs (1904) argued forcefully for sauropod terrestriality (on the 
basis of foot and limb structure), the image of semiaquatic or 
amphibious sauropods persisted throughout most of the twen- 
tieth century (Swinton 1934; Colbert 1962; Romer 1966; review 
in Coombs 1975). 

Kermack (1951) questioned one aspect of the amphibious 
sauropod theory, pointing out that it would not have been pos- 
sible for sauropods to ventilate their lungs if the thorax was sub- 
merged too far beneath the surface of the water. Consequently, 
the sauropod trachea could not have acted as a snorkel while the 
animal was wading in deep water, thus preventing sauropods 
from spending significant periods of time in this habitat. 

From the 1970s onward, reconsideration of sauropod anatomy 
led to a thorough reappraisal of their paleobiology (Bakker 
1971a; Coombs 1975). The columnar limbs, compact feet, and 
deep thorax of sauropods were shown to be functionally analo- 
gous to those of large, fully terrestrial mammals such as ele- 
phants, and the strengthening and lightening of the vertebral 
column (achieved through hyposphene-hypantral articulations 
and the development of extensive pleurocoels, respectively) were 
demonstrated to be ideally suited to solving the problems of 
support on land. The neck was reinterpreted as a device that fa- 
cilitated high browsing on trees, in a manner analogous to that 
of living giraffes, and at least some sauropods were hypothesized 
to have fed on tough, terrestrial vegetation, as indicated by 
extensive wear facets on the teeth (Bakker 1971a; Coombs 1975). 
Supposed anatomical adaptations to an amphibious lifestyle 
were shown either to be ambiguous or misinterpreted. For ex- 
ample, no strong correlation exists between narial retraction 
and amphibious habits in living amniotes, so this feature in 
sauropods cannot be regarded as compelling evidence for a semi- 
aquatic lifestyle. Moreover, sedimentological, taphonomic, and 
paleoenvironmental analyses of sauropod-bearing deposits, such 
as the Upper Jurassic Morrison Formation of the western United 
States, showed that they were not confined to lakes and rivers 
but ranged across a wide variety of sedimentary environments 
(Dodson et al. 1980a, 1980b, 1983; Fiorillo and May 1996; Rich- 
mond and Morris 1996; Evanoff and Carpenter 1998; Bilbey 
1999). Although Morrison habitats included lakes and swamps, 
it is clear that sauropods ranged across all habitats in the Morri- 
son terrain. Indeed, environmental analysis of the Morrison 


(Peterson and Turner-Peterson 1987; Moore and Ross 1996) shows 
that most habitats were subordinate to dry ones on the western 
American landscape at that time. Morrison sauropods probably 
had to cope with seasonal aridity. Comparison of the preserva- 
tion of Morrison sauropods with that of large African mammals 
of Pleistocene age in Kenya (Behrensmeyer 1975) suggests that 
sauropods were as terrestrial as are Recent elephants. 

The Morrison Formation is perhaps the best-known sauropod- 
bearing formation in terms of sedimentary environments and 
dinosaurian and nondinosaurian faunas. Nonetheless, sauro- 
pods are too diverse to permit generalization based on the Mor- 
rison Formation alone. The sauropods of the Middle Jurassic 
Lower Shaximiao Formation lived on an alluvial floodplain, and 
their remains accumulated in a low-energy lacustrine shoal (Xia 
and Li 1988). In the Upper Jurassic Tendaguru Formation of Tan- 
zania, sauropod remains are sometimes found mixed with ma- 
rine invertebrates (Russell et al. 1980), and the principal bone- 
bed concentrations were deposited not far from the sea. In the 
Glen Rose Limestone (Lower Cretaceous) of Texas, sauropods 
left abundant trackways preserved in dolomitic mudstones that 
represent intertidal and supratidal deposits adjacent to a lagoon 
(Farlow 1987a); marine invertebrates are found above and below 
the track-bearing strata. Sauropod remains from the Lower Cre- 
taceous Wealden strata in southern England are often found in 
sediments representing braided streams, alluvial fans, swamps, 
and ponds (Allen 1975; Wright et al. 1998), while sauropod track- 
ways in the slightly older (Berriasian) Purbeck Limestone For- 
mation were usually formed on emergent platforms (Wright et 
al. 1998). The Early Cretaceous sauropods of Maryland (Lull 
1911a, 1911b) come from coastal deposits of the Arundel Clay 
(Weishampel and Young 1996). Sauropods from island faunas, 
such as the Malagasy titanosaurs (Dodson et al. 1998; Curry and 
Forster 1999) and Magyarosaurus (Weishampel et al. 1991; Jianu 
and Weishampel 1999), represent either vicariant distributions 
or evidence for modest migrations across open water. It is prob- 
ably significant that the Mongolian Late Cretaceous sauropods 
Nemegtosaurus and Opisthocoelicaudia come, not from the 
Djadokhta and Baruungoyot formations, which were deposited 
in semiarid red bed terrains, but in the pale fluvial deposits of the 
overlying Nemegt Formation (Osmolska 1980; Jerzykiewicz and 
Russell 1991), which document the reestablishment of more 
mesic conditions. Erben et al. (1979) attribute the success of 
“Hypselosaurus” in the Maastrichtian of southern France to hu- 
mid conditions. All of these studies suggest that as a whole, 
sauropods prospered under mesic conditions. Abundant sauro- 
pod trackways (e.g., Lockley et al. 1994a, 1994b and references 
therein) confirm that sauropods readily walked on substrates that 
were either under water or recently emergent. Thulborn et al. 
(1994) describe two different ichnofacies with sauropod tracks 
in the Lower Cretaceous Broome Sandstone of Western Australia, 
with one facies representing a terrestrial swamp or forest pale- 
oenvironment and the other, lagoonal or marine marginal con- 
ditions. Possibly the adaptation of Morrison sauropods to sea- 
sonally dry environments represents an extreme rather than the 
usual situation for sauropods, as compilation of sauropod track- 
way data suggests that sauropods usually frequented low-lying 
coastal or deltaic regions (Lockley et al. 1994b). Nonetheless, the 
old concepts of sauropods submerged in deep water and breath- 
ing through scarcely exposed nostrils and that of behemoths 
too heavy to support their weight on land have been discarded, 
and they are now generally regarded as primarily terrestrial ani- 
mals (e.g., Norman 1985; Bakker 1986; Dodson 1990a). 

Early studies on sauropod feeding were heavily influenced 
by the prevailing view that they were amphibious and restricted 


to large bodies of water and their surrounding shorelines. If 
sauropods were restricted to food that was available in or close 
to bodies of water, then they probably ate aquatic vegetation or 
invertebrates, a conclusion that was supported by the assertion 
that the dentitions and jaw musculature of sauropods were 
weak and poorly adapted to feeding on terrestrial vegetation 
(e.g., Hay 1908; Holland 1924a; Haas 1963). This view was mod- 
ified slightly when it was recognized that at least some sauropod 
teeth showed evidence of significant wear, but until recently 
sauropods were characterized as either rakers of soft vegetation 
or nippers and croppers of coarse plant material (Bakker 1971a; 
Coombs 1975; Norman 1985; Dodson 1990a). More detailed 
work has demonstrated that sauropod feeding mechanisms 
were actually much more varied and complex (Barrett and Up- 
church 1994, 1995a; Calvo 1994a; Barrett 1996a, 1998; Chris- 
tiansen 2000; Upchurch and Barrett 2000a). 

The enormous body size and features of the skull and teeth 
demonstrate that sauropods were exclusively herbivorous (e.g., 
Bakker 1971a; Coombs 1975). Claims that sauropods were pis- 
civorous (Tornier 1909), molluscivorous (Holland 1924a; Haas 
1963), or omnivorous (Stokes 1964) were based on misinterpre- 
tation of anatomical or geologic evidence (e.g., Coombs 1975). 
At present there is no direct evidence of sauropod diets. The va- 
lidity of a supposed enterolite (Stokes 1964) containing plant 
and bone fragments has recently been called into question, as it 
may represent a postmortem infill rather than genuine stomach 
contents (Currie et al. 1995). For much of their history sauro- 
pods coexisted with and probably fed on conifers, ginkgoes, 
cycads, ferns, and horsetails (Weaver 1983; Weishampel 1984b; 
Wing and Sues 1992; Taggart and Cross 1997), and during the 
Late Cretaceous angiosperms might also have formed a signifi- 
cant part of sauropod diets. Although there was significant po- 
tential for sauropod-plant coevolution, there is currently no 
evidence of specific sauropod-plant interactions (Sereno 1997; 
Barrett and Willis 2001). 

The differentiation of sauropod feeding mechanisms has 
a phylogenetic basis (Upchurch 1994a; Barrett and Upchurch 
1995a; Salgado and Calvo 1997; Barrett 1998; Wilson and Sereno 
1998; Upchurch and Barrett 2000a). The jaw mechanics of basal 
sauropods are poorly understood at present, but the limited 
evidence suggests that basal sauropods had robust, denticulate, 
mesiodistally expanded tooth crowns and an orthal jaw action. 
The lateral plate present on the maxillae and dentaries of some 
basal sauropods (Barrett 1999; Upchurch and Barrett 2000a) 
may have acted to stabilize the bases of the tooth crowns during 
the cropping or raking of vegetation. Several isolated teeth from 
the Lower Jurassic Lower Lufeng Series possess well-developed, 
high-angled mesial and distal wear facets (Galton 1985e). These 
teeth were previously attributed to the Early Jurassic prosauro- 
pod Yunnanosaurus (Galton 1985e) but have now been referred 
to Sauropoda (Salgado and Calvo 1997; Wilson and Sereno 1998; 
Barrett 1999, 2000a; contra Christiansen 1999); the absence of 
wrinkled tooth enamel suggests that they are referable to a basal 
sauropod. This occurrence indicates that a precise occlusion in 
which the upper and lower tooth crowns interdigitated during 
jaw closure appeared early in the evolutionary history of the 
group. This shearing mechanism represents an improvement 
in the masticatory apparatus compared with that of prosauro- 
pods. However, although a precise occlusion might have been 
acquired at or close to the base of the sauropod radiation, the 
apparent lack of tooth-tooth wear in other basal sauropod taxa 
(Upchurch and Barrett 2000a) suggested that rather than repre- 
senting a sauropod synapomorphy, this character may have ap- 
peared at some point in the basal radiation of sauropods. Partial 
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mandibles attributed to the undescribed Chinese form “Kun- 
mingosaurus” (Dong 1992) possess a dorsoventrally expanded 
symphyseal area, a feature that is common to almost all later 
sauropods and that might have conferred additional strength to 
the dentigerous portion of the jaws (Barrett and Upchurch 
1994). All sauropods have a jaw joint that is offset ventrally with 
respect to the tooth row. 

Basal eusauropods, including cetiosaurids and Shunosaurus, 
document the widespread occurrence of a precision shearing 
bite with evidence of extensive tooth-tooth wear (Calvo 1994a; 
Barrett and Upchurch 1995a; Upchurch and Barrett 2000a). 
High-angled wear facets, situated on the mesial and distal mar- 
gins of the crowns, were formed as the teeth interdigitated dur- 
ing jaw closure; in some cases the wear is so heavy that there are 
“shoulders” at the margins of the tooth crown. This kind of 
wear, in combination with the rostrocaudally short mandibular 
glenoid and the near vertical orientation of the M. adductor 
mandibulae group, suggests a simple orthal jaw action that al- 
lowed powerful cropping of vegetation (Barrett and Upchurch 
1995a; Upchurch and Barrett 2000a). The apparent absence of 
fleshy cheeks in all sauropods would have prevented extensive 
chewing of fodder before swallowing, but the possession of a 
powerful tongue, indicated by a robust hyoid apparatus, might 
have permitted some repositioning of food, and hence repeated 
trituration, within the mouth (Upchurch and Barrett 2000a). 

All sauropods for which sufficient cranial material is known 
display some degree of narial retraction (e.g., McIntosh 1990a; 
Upchurch 1994a, 1995; Wilson and Sereno 1998). Some authors 
have suggested that this feature could be correlated with the 
possession of a fleshy proboscis, which may have played an im- 
portant role in food gathering (Bakker 1971a, 1986). However, it 
is unlikely that sauropods possessed the necessary facial muscu- 
lature to make such a structure (Coombs 1975). Narial retraction 
may also have facilitated elongation of the snout and/or protec- 
tion of the narial apparatus, which would have enhanced food 
gathering by allowing the snout to be thrust deep into stands 
of vegetation or into tree canopies (Upchurch and Barrett 2000a). 
However, soft-tissue reconstructions of dinosaur snouts suggest 
that the fleshy external nostril of sauropods was positioned 
much farther rostrally than is usually supposed, occupying the 
rostral half of the external nares or being positioned even farther 
forward (Witmer 2001b). If this were the case, it would be un- 
likely that narial retraction was primarily a feeding-related adap- 
tation, as the fleshy nostrils would still have been vulnerable as 
the head was pushed through dense foliage. The possession of 
a distinct muzzlelike snout in Brachiosaurus and of a similar 
though less well-developed snout region in Camarasaurus, as 
well as the extreme elongation of the snout in diplodocoids, 
may represent further modifications for food collection. 

Camarasaurus exhibits similar tooth wear to basal eusauro- 
pods. The rostrocaudally expanded mandibular glenoid suggests 
that Camarasaurus may have been able to employ propalinal jaw 
movements, and the near vertical orientation of the adductor 
mandibulae muscles and the tooth wear suggest the possibility 
of a powerful orthal shearing action (Calvo 1994a; Barrett and 
Upchurch 1995a; Christiansen 2000; Upchurch and Barrett 
2000a). Labiolingually oriented microstriations on the tooth 
crowns have been cited as evidence of a transverse power stroke 
(White 1958; Calvo 1994a), but the arrangement of the adduc- 
tor musculature and the structure of the jaw joint do not support 
this interpretation (Upchurch and Barrett 2000a). The well- 
developed coronoid process is more prominent than in any 
other sauropod taxon. 
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Although some Brachiosaurus teeth display wear facets on 
the mesial and distal margins of the crown, the majority of the 
tooth wear in both Brachiosaurus and titanosaurians is concen- 
trated on the apical region of either the lingual (upper teeth) 
or the labial (lower teeth) surface of the crown (Calvo 1994a; 
Barrett and Upchurch 1995a; Christiansen 2000; Upchurch 
and Barrett 2000a). It has been suggested that this is evidence of 
a precision shearing bite in which upper and lower teeth are 
aligned so that they have a direct one-to-one correspondence 
with each other, rather than an interdigitating occlusion (Calvo 
1994a; Barrett and Upchurch 1995a; Upchurch and Barrett 
2000a). In contrast, Christiansen (2000) suggests that the wear 
facets may have been formed by tooth-food wear during a rak- 
ing action, although he concedes that occlusion may also have 
occurred. The jaw action was strictly orthal. Lithostrotians, all 
of which possess cylindrical or subcylindrical teeth, had a simi- 
lar precision shearing bite, with apical wear facets suggestive of 
a direct correspondence between upper and lower teeth (Calvo 
1994a [based erroneously on the diplodocoid Nemegtosaurus but 
confirmed by examination of genuine lithostrotian material]; 
Upchurch and Barrett 2000a). The morphology of the jaw joint 
is unknown, but microwear suggests an orthal jaw action (Up- 
church and Barrett 2000a). 

Diplodocoid feeding mechanisms are geared to the efficient 
raking of plant material; few, if any, diplodocoids show any fea- 
tures indicative of extensive oral processing (Barrett and Up- 
church 1994, 1995a; Christiansen 2000; Upchurch and Barrett 
2000a). All diplodocoids possess cylindrical or subcylindrical 
teeth. Apical tooth wear in Nemegtosaurus suggests a precision 
shearing bite similar to that of titanosaurians (Calvo 1994a; 
Upchurch and Barrett 2000a), although the limited amount of 
material prevents further investigation of nemegtosaurid jaw 
mechanisms. Moreover, several teeth also display mesial and 
distal wear facets (Nowinski 1971). The arrangement of the jaw 
musculature suggests that propaliny might have been possible, 
but this cannot be confirmed at present. Similar comments might 
apply to feeding mechanisms in dicraeosaurids, which also pos- 
sess apical wear facets (Upchurch and Barrett 2000a). However, 
Christiansen (2000) has argued that these wear facets may have 
been formed by tooth-food contact rather than by tooth-tooth 
wear. The cranial material of dicraeosaurids is inadequate to 
address other aspects of the jaw mechanics at present. Although 
Calvo (1994a) has argued for tooth-tooth contact in Diplodocus 
and other diplodocoids, the observed pattern of tooth wear does 
not support this suggestion (Barrett and Upchurch 1994, 1995a; 
Christiansen 2000; Upchurch and Barrett 2000a). Wear facets 
on both upper and lower teeth face labially and were probably 
formed by extensive tooth-food contact during branch stripping. 
The arrangement of the teeth into a comb, the procumbent 
nature of the teeth, the long snout, analysis of the microwear, 
and the fused, dorsoventrally expanded symphyseal region are 
all in accord with this hypothesis (Barrett and Upchurch 1994, 
1995a; Christiansen 2000; Upchurch and Barrett 2000a). Rostro- 
caudal elongation of the mandibular glenoid fossa and the 
arrangement of the jaw musculature suggest that propaliny 
played an important part in food gathering and may have been 
used to increase gape or to facilitate grasping of food (Barrett and 
Upchurch 1994; Calvo 1994a; Christiansen 2000; Upchurch and 
Barrett 2000a). It is likely that Apatosaurus also utilized trans- 
lational movements of the lower jaws during feeding (Connely 
and Hawley 1998). 

Phylogenetic evidence suggests that many of these cranio- 
dental specializations appeared during the Middle Jurassic, or 


earlier. It is interesting that the jaw mechanics of sauropods were 
more varied at this time than those of contemporary ornithis- 
chians (Barrett 1996). The lack of appropriate craniodental and 
postcranial material from basal sauropods, basal eusauropods, 
and titanosaurians confounds detailed consideration of homo- 
plasy within the character complexes associated with feeding 
within this clade (Wilson and Sereno 1998; Upchurch and Bar- 
rett 2000a). However, propaliny arose twice within Sauropoda 
(in Camarasaurus and in Diplodocoidea), as did the evolution 
of subcylindrical or cylindrical teeth (in titanosaurians and 
diplodocoids). A precision shearing bite may have evolved in- 
dependently in diplodocoids (secondarily lost in diplodocids) 
and titanosauriforms but may also have arisen at the base of 
Neosauropoda and been secondarily lost in Camarasaurus (Up- 
church and Barrett 2000a). 

Sauropod food requirements must have been impressive re- 
gardless of metabolic rate. Although many sauropods were ca- 
pable of powerful shearing bites, extensive mastication of plant 
food was not possible (see above). However, the large body size 
suggests an elongate gut with low passage times that would have 
allowed thorough microbial fermentation to take place (Farlow 
1987b). It is generally believed that sauropods also employed 
gastric mills to aid in the mechanical breakdown of food in the 
gut (see review in Christiansen 1996a). Unfortunately, unequiv- 
ocal evidence for this is rare (Calvo 1994b; Christiansen 1996a). 
It is possible that gastric mills were limited to only a few sauro- 
pod taxa, such as those that lacked significant oral processing 
(Calvo 1994b), rather than representing a ubiquitous feature 
of the clade. However, taphonomic considerations prevent the 
establishment of definitive presence or absence data with which 
to answer this question. Sauropods are unlikely to have pos- 
sessed a rumen, as the effectiveness of the rumen for the selec- 
tive delay of food particles to allow microbial fermentation of 
cellulose decreases with increasing body size (e.g., Janis 1976; 
Demment and Van Soest 1985). In mammals weighing more 
than 1,200 kg, food is already held to the point of essentially 
complete digestion without a specialized foregut. Large mam- 
mals employ specializations of the hindgut (cecum) for micro- 
bial fermentation of fibrous, low-quality plant material as well 
as the detoxification of plant toxins (allelochemicals or second- 
ary compounds). It is probable that sauropods utilized a similar 
system (Coe et al. 1987; Farlow 1987b; Dunham et al. 1989). One 
would expect adaptations in sauropods to increase the rate of 
gut clearance, not to cause selective delay, because it is ineffi- 
cient to obstruct the gut with materials from which no further 
energy can be extracted. 

Whether sauropods fed selectively is doubtful, although the 
unusual feeding mechanism of Diplodocus is suggestive of some 
dietary specialization (Barrett and Upchurch 1994). Feeding 
selectivity generally varies inversely with body size (e.g., Jarman 
and Sinclair 1979; Calder 1984; Wing and Tiffney 1987). Large 
herbivores cannot generally afford energetically the luxury of 
seeking out high quality food but are constrained to eat what- 
ever is available (Farlow 1987b). 

The long necks of sauropods invite comparison with those of 
giraffes (e.g., Bakker 1971a, 1978; Coombs 1975), which are high 
browsers (Dagg and Foster 1976), and sauropods parading with 
high, swanlike necks are favorites of contemporary artists. Bra- 
chiosaurus, with its elongate forelimbs, conforms well to the 
giraffe model. However, such morphology is not common in 
sauropods: most have forelimbs that are short and shoulders 
that are lower than the hips. Moreover, no sauropod (apart from 
Brachiosaurus) has elongate neural spines at the base of the neck 


providing leverage for epaxial muscles for sustained elevation 
of the neck in a giraffelike manner. In most sauropods the mor- 
phology of the intervertebral articulations indicates that the 
greatest lateral and vertical flexibility was to be found in the 
proximal portion of the neck. The midsection of the cervical 
series was the least flexible, with long cervical ribs in many taxa 
restricting the degree of lateral flexion. The caudal cervicals, 
which possess dorsoventrally compressed centra and transversely 
widened zygapophyses set far from the midline, allowed bend- 
ing of the neck in the vertical plane (Upchurch and Barrett 
2000a). However, differences in cervical morphology, such as 
variations in the length of the cervical ribs and neural spines, 
indicate that neck function might have varied considerably be- 
tween sauropod lineages (Upchurch and Barrett 2000a). 

Recently, several alternatives to high browsing have been 
proposed, some of which question the ability of sauropods to 
raise their necks into a subvertical position. The vacuum-cleaner 
model (Martin 1987) notes the usefulness of the neck in sweep- 
ing a large volume of feeding space both laterally and vertically 
from a fixed locus. However, this model is based on Cetiosaurus, 
which probably had long, overlapping cervical ribs, a feature 
that would have restricted the lateral flexibility of the neck 
(Martin et al. 1998; Upchurch and Barrett 2000a). 

Stevens and Parrish (1999) have developed a computer-based 
technique for three-dimensional modeling and manipulating 
of intervertebral movements of sauropod cervical vertebrae. 
They determined movements in both the horizontal and the 
vertical plane between pairs of vertebrae. For both Apatosaurus 
(neck length 5.3 m) and Diplodocus (neck length 6.2 m) they 
determined that a neutral pose with maximum congruence of 
articular facets involved a straight neck with a gently downward 
sloping attitude, the head held just above ground level. Appar- 
ently the shorter-necked Apatosaurus could curl its head back- 
ward and elevate it up to 6 m above ground level, but the longer 
neck of Diplodocus was suggested to be much stiffer, achieving 
lateral or vertical movements of only 4 m (Stevens and Parrish 
1999). However, this model fails to incorporate the possible 
effects of limited dorsoventral flexibility in the cranial trunk 
region of Diplodocus (Upchurch 2000). Moreover, the specimen 
of Apatosaurus used by Stevens and Parrish has severely damaged 
caudal cervicals; as this region of the neck is crucial in deter- 
mining the degree of vertical flexion, some of the results of their 
study must be viewed with caution (Upchurch 2000). 

Martin et al. (1998) likened the sauropod neck to a multi- 
segmented beam. To achieve stability such beams require brac- 
ing that may take the form of elevated cervical spines, as in Di- 
craeosaurus or Amargasaurus, which, in combination with short 
cervical ribs, may enhance lateral mobility of the neck (Barrett 
and Upchurch 1995a; Martin et al. 1998; Upchurch and Barrett 
2000a). The elongate cervical neural spines (Upchurch and Bar- 
rett 2000a) probably prevented marked dorsal flexion of the neck 
in dicraeosaurids. Stout ventral braces, such as elongate cervical 
ribs, make for laterally stable but inflexible necks (Barrett and 
Upchurch 1995a; Martin etal. 1998; Upchurch and Barrett 2000a), 
especially in sauropods such as Mamenchisaurus and Omeisaurus, 
in which four cervical ribs were bundled together in each cervi- 
cal segment. This arrangement would, however, have permitted 
some dorsal flexion of the neck. All of these models deal almost 
exclusively with bony anatomy; it must be remembered that the 
soft tissues (tendons, ligaments, intervertebral discs, synovial 
joints) would also have had an important influence on neck 
function and may have permitted movements not expected on 
the basis of osteology alone. 
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Current evidence suggests that most sauropods habitually 
carried their necks in a horizontal posture and that some taxa 
also could use the neck to sweep over wide lateral (e.g., dicraeo- 
saurids), vertical (e.g., Cetiosaurus, Camarasaurus, various basal 
eusauropods), or both lateral and vertical (e.g., diplodocids) 
ranges as necessary, depending on the nature of the cervical ribs 
and spines (Martin et al. 1998; Stevens and Parrish 1999; Up- 
church and Barrett 2000a). Sauropods had the potential to ex- 
ploit a vertical feeding range of up to 14 m, depending on the 
species and on the degree of maturity of the individual. These 
animals competed with contemporary dinosaurian herbivores 
(e.g., stegosaurs and ornithopods) at lower levels (in the feeding 
range of 0-3 m above ground level) but were unchallenged, 
except by other sauropods, at greater heights (Coe et al. 1987). 
Relative neck length varies greatly among sauropods: some basal 
eusauropods and basal camarasauromorphs (e.g., Cetiosaurus, 
Haplocanthosaurus, and Shunosaurus) have short necks, while 
diplodocids and other basal eusauropods (e.g., Diplodocus, Baro- 
saurus, and Mamenchisaurus) have extremely long ones (Young 
and Chao 1972; Bakker 1978; Upchurch and Barrett 2000a). In 
Mamenchisaurus (Young 1954) the length of the neck equaled 
the length of the rest of the body. 

How much time sauropods spent with their necks elevated 
may be questioned. A strong nuchal ligament of elastin may 
have aided in maintaining the neck in a horizontal or modestly 
elevated position (Alexander 1985), but its inability to shorten 
actively would have rendered it ineffective for elevation of the 
neck, which can only be accomplished by muscular effort. Low 
neural spines on the cervical and dorsal vertebrae of Camara- 
saurus and diplodocids are conspicuously bifid. It may be as- 
sumed that muscle and a nuchal ligament of modest dimen- 
sions occupied the broad area within the split spine. Alexander’s 
(1985) biomechanical analysis of the neck of Diplodocus suggests 
that the transversospinalis muscles contained within the bifur- 
cation would have been barely able to lift the neck of this ani- 
mal. However, the action of these muscles could have been sup- 
plemented by the action of the longissimus and iliocostalis 
muscles lateral to the spines, as must also have occurred in those 
sauropods that lacked bifid spines (Alexander 1985; Upchurch 
and Barrett 2000a). Moreover, extensive cervical pleurocoels in 
neosauropods would have significantly reduced the weight of 
the neck. Perfusion of the brain at a pressure of 60 mm Hg ina 
sauropod with an elevated head would have placed tremendous, 
potentially dangerous stress on the cardiovascular system. Esti- 
mates of systolic blood pressures required to perfuse the brain in 
Apatosaurus, Camarasaurus, Diplodocus, and Brachiosaurus stand- 
ing with the head maximally elevated range from 367 to 717 mm 
Hg (Hohnke 1973; Seymour 1976). Such pressures, with atten- 
dant risks of cardiovascular failure, are without precedent among 
living vertebrates (Ostrom 1980b; Pedley 1987; Hargens et al. 
1987 [on giraffes]) but cannot be discounted (Alexander 1989). 
While a mode of life for sauropods that required lower blood 
pressures (i.e., habitual feeding at moderate rather than high 
levels) is plausible, it is known that giraffes possess special adap- 
tations of the vessels and fascia of the distal limb that prevent 
severe edema (e.g., Pedley 1987); it is possible that sauropods 
utilized similar or novel physiological mechanisms to counter- 
act the problems associated with elevated systolic pressure. 
However, instead of sustaining elevated systolic blood pressure, 
sauropods may have tolerated periods of transient hypoxia dur- 
ing bouts of high feeding. The lower their oxygen demand, the 
more feasible would be this strategy. In addition, specializations 
of the cervical and cranial vasculature are to be expected. Arter- 
ial valves and/or accessory pulsatile organs in the neck might 
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have prevented the backflow of blood at low systolic pressures 
(Choy and Altman 1992; Dennis 1992). In giraffes, elasticity of 
the rete mirabile at the base of the brain prevents hypertensive 
failure of cerebral vasculature when the elevation of the head 
is suddenly changed (Dagg and Foster 1976). Additionally, 
sauropods may well have had a carotid sinus that served as a 
reservoir of arterial blood to perfuse the brain when the carotid 
arteries collapsed due to insufficient systolic pressure during 
high feeding. 

Very large sauropods approached the theoretical maximum 
for mobile terrestrial organisms, but given recent reports of ever- 
larger sauropods (e.g., Jensen 1985b; Gillette 1991; Bonaparte 
and Coria 1993; Wedel et al. 2000), there is no reason to believe 
that the largest possible sauropod has yet been found. The 
weight of the supporting skeleton increases at a faster rate than 
the mass of the body (allometric coefficient 1.09 [Prange et al. 
1979]). In a 6.6 tonne elephant the skeleton accounts for 26% 
of the body weight. However, the strength of the skeleton is 
not a limiting factor in large animals (Schmidt-Nielsen 1984). 
The appendicular skeletons of sauropods are robustly con- 
structed, but the axial skeleton of some basal eusauropods and 
of neosauropods is significantly lightened by extensive pleuro- 
coels and excavations that probably contained pneumatic di- 
verticuli (e.g., Coombs 1975; Britt 1997; Wilson 1999). The can- 
cellous bone in the vertebral centra of titanosauriforms (Salgado 
et al. 1997; Upchurch 1998; Wilson and Sereno 1998; Wedel et 
al. 2000) might also represent a weight-saving device. The com- 
plex pattern of laminae present on the cervical and dorsal neural 
arches (Bonaparte 1999a; Wilson 1999) is often likened to a sys- 
tem of struts and beams that confers mechanical strength to the 
vertebral apophyses using minimal structural materials (e.g., 
Coombs 1975; Norman 1985); however, although this hypothe- 
sis is intuitively appealing, it has not yet been rigorously tested. 
Alternatively, vertebral laminae might have developed in re- 
sponse to local tendinous and ligamentous stresses or may sim- 
ply represent an osteological correlate of axial pneumaticity 
(Wilson 1999). It has also been suggested that they might have 
acted as sites of insertion for a complex axial musculature (Bona- 
parte 1999a); further testing of these hypotheses is required. Ad- 
ditional hyposphene-hypantral articulations in the dorsal verte- 
bral series of many sauropods (and other saurischians) may have 
conferred additional rigidity to the trunk area (Bakker 1971a). 

Sauropods were obligate quadrupeds and are usually recon- 
structed with columnar limbs and an elephantine graviportal 
gait (Coombs 1978a; Alexander 1991; Christiansen 1997). There 
was little limb flexion, and the limbs were operated by only a 
moderately developed musculature. The manus of most, if not 
all, sauropods were digitigrade with the metacarpals held in a 
horseshoe-shaped arrangement, but the pes was plantigrade (e.g., 
Christiansen 1997). Propodial, rather than epipodial, retraction 
was the dominant factor in sauropod locomotion. As a conse- 
quence of the caudally positioned center of gravity, the hind- 
limbs carried much of the animal’s weight, and the femora of 
sauropods have much greater diaphyseal diameters than mam- 
malian femora of similar length (Alexander 1985; Christiansen 
1997). In contrast to the hindlimbs, the forelimbs of most sauro- 
pods were weak, but as they carried a smaller proportion of body 
weight, their strength indicator values are comparable to or 
greater than those of modern proboscideans; the gracile fore- 
limbs of Brachiosaurus were an exception, however, and were 
weaker than those of elephants (Alexander 1991; Christiansen 
1997). All sauropods, with the exception of Brachiosaurus and 
some related taxa, had shorter forelimbs than hindlimbs, a fea- 
ture that seriously compromised the stride length of the hind- 


limbs and, along with the constraints of high body mass, pre- 
vented sauropods from attaining high speeds. They probably 
were not capable of breaking into a true run, and one foot was 
in contact with the ground at all points in the locomotor cycle. 
Regressions relating limb length to speed have yielded top speeds 
of about 40 km/hr (Coombs 1978a), but this figure may be ex- 
cessive. Other estimates, based on Froude numbers and indica- 
tors of bone strength, suggest a top speed of just over 25 km/hr, 
which is comparable to the ambling speed of a modern elephant 
(Alexander 1991). However, estimates obtained from measure- 
ments of trackways are markedly lower than this, ranging from 
2-4 km/hr (Alexander 1976, 1989), indicating that sauropods ha- 
bitually walked at much slower speeds. 

The gait of titanosaurians differed from that of other sauro- 
pods; in titanosaurians the feet were positioned farther from 
the midline, as indicated by wide-gauge trackways (Wilson and 
Carrano 1999). The anatomical modifications permitting this 
gait include changes in the orientation of the femur, so that it 
projects slightly lateroventrally with respect to the body, rather 
than ventrally as in other sauropods, and laterally flared ilia that 
allow concomitant rearrangement of the limb musculature 
(Wilson and Carrano 1999). Knee and elbow joints also have 
greater degrees of flexibility in titanosaurs, implying that epipo- 
dial retraction was more important for these animals than for 
other sauropods. 

It has often been suggested (Riggs 1904; Coombs 1975; Bakker 
1978; Jensen 1988; Upchurch 1994b) that sauropods could ex- 
tend their vertical feeding range by adopting a bipedal or tripo- 
dal stance, using the tail as a prop or a counterpoise to stabilize 
the body when feeding statically. The possession of shortened 
forelimbs, a short dorsal vertebral column, a center of gravity 
located near the pelvis, high sacral neural spines, and a long, 
robust tail suggests that such behavior was well within the po- 
tential biomechanical repertoire of some sauropods, particularly 
diplodocids (Alexander 1985). Other sauropods that lack these 
features, such as Brachiosaurus, are unlikely to have reared, al- 
though the ability to rise and support weight on the hindlimbs 
for short periods was undoubtedly necessary for procreation. 
Elephants are also capable of rearing behavior but do so only 
rarely (Coe et al. 1987), and it is unlikely that sauropods would 
have been inclined to rear except under conditions of stress, 
such as inter- or intraspecific combat (e.g., Bakker 1987), or of 
food shortage, when foliage accessible from normal posture was 
exhausted. Hemodynamic considerations are also pertinent and 
may have prevented sauropods from remaining in a tripodal or 
bipedal stance for long periods (see above). Wilson and Carrano 
(1999) suggested that titanosaurians might have used a bipedal 
stance more often than other sauropods due to greater flexi- 
bility in the dorsal vertebral column and limbs (the former 
permitted by the loss of hyposphene-hypantral articulations), 
laterally flared ilia, and wider limb carriage (all features that fa- 
cilitate rearing and stability in a bipedal stance), although they 
did not propose that they were habitually bipedal. 

A trackway composed almost exclusively of handprints has 
been interpreted as evidence of a swimming sauropod (Bird 
1944a). The trackway could have been produced by a sauropod 
pulling itself along using its forelimbs while the hindlimbs 
floated clear of the substrate (Bird 1944a). Although this inter- 
pretation is plausible, it is also possible that the handprints 
were underprints and that footprints simply were not preserved 
(Lockley and Rice 1990). 

The ratio of forelimb length to hindlimb length ranged from 
0.64 in the dicraeosaurid Dicraeosaurus to 1.01 in Brachiosaurus; 
basal sauropods, basal eusauropods, Camarasaurus, and titano- 


saurians had ratios of 0.78-0.88 (Upchurch and Barrett 2000a). 
The extreme elongation of the forelimbs in Brachiosaurus leads 
to elevation of the cranial portion of the thorax and might rep- 
resent an adaptation to high browsing (Riggs 1904; Upchurch 
and Barrett 2000a). Conversely, the short forelimbs of Shuno- 
saurus, diplodocids, and dicraeosaurids, with ratios of forelimb 
length to hindlimb length between 0.64 and 0.71, have been 
interpreted as evidence of low browsing behavior (Barrett and 
Upchurch 1994; Upchurch and Barrett 2000a). 

The morphology of the manus suggests that its primary role 
was supportive and that wrist flexion could not be used to im- 
part a significant push against the substrate during locomotion 
(Christiansen 1997). Digit I bears a large, caudomedially oriented 
ungual claw that has been implicated in several behaviors, in- 
cluding food gathering (Thulborn 1989), locomotion (Upchurch 
1994b), defense (Norman 1985), intraspecific aggression (Bakker 
1987), and gripping of tree trucks during feeding (McLoughlin 
1979; Tanimoto 1991; Upchurch 1994b). Many of these behav- 
iors are envisaged to have occurred while the animal was in a 
bipedal or tripodal stance. Agonistic and defensive functions 
are unlikely, as the orientation of the claw would have severely 
reduced its effectiveness as a weapon; moreover, the morphol- 
ogy of the claw, with its blunt, rounded tip, moderate curvature, 
and rounded margins, is unsuited to either slashing or stabbing 
(Upchurch 1994b). A role in food gathering is also suspect due 
to the inflexibility of the forelimb and the much greater oppor- 
tunities afforded for foraging by the elongate, flexible neck. The 
most plausible functions for the claw are (1) that it may have 
allowed greater purchase on particular substrates (Romer 1956; 
Upchurch 1994b) and (2) that it may have been useful in brac- 
ing the forelimb against tree trunks during bipedal browsing (Mc- 
Loughlin 1979; Tanimoto 1991; Upchurch 1994b). Pedal claws 
may have been used to excavate nests (Gallup 1989) and to dig 
for water during times of drought. 

The long tails of diplodocids, with their distal whiplash 
formed from 20-30 slender caudal centra, and those of other 
sauropods, such as dicraeosaurids, have been interpreted as 
propulsive (e.g., Osborn 1899a; Hatcher 1901) or grasping (Mc- 
Loughlin 1979) structures, but most authors have proposed a 
defensive function (e.g., Hatcher 1901; Holland 1915a; Norman 
1985; Bakker 1986). The latter hypothesis suggests that the tail 
was swung from side to side in order to deter or even injure, large 
predatory dinosaurs. However, this interpretation has recently 
been called into question, as the fragility of the distal caudal ver- 
tebrae precludes their use as an effective weapon (Christiansen 
1996b; Myhrvold and Currie 1997); the lack of pathologies 
caused by local trauma in the whiplash caudals of diplodocids 
also argues against this interpretation. The effectiveness of the 
whiplash defense against large mobile predators may also be 
questioned. Moreover, it has been argued that the proximal re- 
gion of the tail was not sufficiently flexible to permit large lat- 
eral movements of the tail (Christiansen 1996b). However, the 
distal part of the tail was extremely flexible, and small lateral 
movements at the proximal end of the tail would have resulted 
in a wide arc of movement in the distalmost caudals. These ob- 
servations have led to the suggestion that the tip of the tail ina 
diplodocid might have reached supersonic speeds as the tail was 
moved from side to side, causing a sonic shockwave analogous 
to the crack of a whip (Myhrvold and Currie 1997); the noise 
produced by this activity may have had a defensive or social 
function. The lack of well-developed musculature in the distal 
end of the tail precludes its use as a prehensile grasping structure 
that could be wound around tree trunks (contra McLoughlin 
1979). Itis possible that lateral movements of the tail might have 
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played a minor role in swimming, but the lack of well-developed 
transverse processes on the proximal caudal vertebrae indicates 
that the tail was not capable of crocodile-like lateral undulations 
(Coombs 1975). The basal eusauropod Shunosaurus probably 
did use its tail, which was equipped with a tail club composed of 
coalesced distal caudal vertebrae, for defense (Dong et al. 1989a). 
That Omeisaurus had a tail club (Dong et al. 1989a) is unlikely 
(Upchurch 1998; Wilson and Sereno 1998). 

All sauropods were large, ranging in total length from 6 m to 
30 m or more. Large size, with all of its biological implications 
(e.g., McMahon and Bonner 1983; Peters 1983; Calder 1984; 
Schmidt-Nielsen 1984), was intrinsic to sauropod biology and 
was established at the outset of sauropod history. For example, 
the femur of the Early Jurassic eusauropod Barapasaurus reached 
1.7 min length (Jain et al. 1975), while that of the Middle Juras- 
sic eusauropod Atlasaurus reached a length of 2m (Monbaron 
et al. 1999). Advantages of large size include access to foods un- 
available to smaller herbivores and low mass-specific metabolic 
rates. Lower metabolic rates permit the fermentative digestion 
of coarser, less nutritious food and confer resistance to periods 
of short-term food privation. The energetic cost of locomotion 
per unit of body mass decreases with increasing size, but animals 
of larger body mass spend a greater proportion of their daily en- 
ergy budget on movement than do smaller ones (Garland 1983a, 
1983b). Although the cost of lifting a unit of mass is indepen- 
dent of size, metabolic rate is not. In small animals the cost of 
climbing (lifting its own mass) represents a small proportion of 
resting metabolic rate, while in large animals it is a much larger 
proportion of resting metabolic rate. Thus, the relative cost of 
climbing hills increases in large animals, which ascend slopes at 
lower angles (Taylor et al. 1972). 

Biophysical models of heat transfer in sauropods (Spotila et 
al. 1973, 1991; Spotila 1980; Paladino et al. 1990, 1997) show that 
metabolic heat would have been lost so slowly that they would 
have effectively been homeothermic (inertial homeotherms) 
irrespective of metabolic rate. Fermentation provided a source 
of heat, and the term “fermentative endotherms” has been pro- 
posed (Mellett 1982; Farlow 1987b). It may be argued that for a 
large animal, tachymetabolism in a warm climate would cause 
more problems relating to heat loss than it would solve (Dun- 
ham et al. 1989; Alexander 1998). Despite the enthusiastic claims 
of tachymetabolic endothermy for sauropods (e.g., Bakker 1971b, 
1980), most workers (Reid 1981, 1987a, 1987b; McNab 1983; 
Weaver 1983; Coe et al. 1987; Farlow 1987b; Dunham et al. 1989; 
Paladino et al. 1990, 1997; Spotila et al. 1991; Colbert 1993; 
Rimblot-Baly et al. 1995; Alexander 1998; O’Connor and Dod- 
son 1999) continue to regard sauropods as poor candidates for 
this status, having more to lose (due to heat exhaustion or star- 
vation) than to gain. The attenuated form of sauropod ap- 
pendages (neck, tail, limbs) may help to maximize the surface 
area for heat loss (Bakker 1971b; Wheeler 1978; Colbert 1983). 
Narial retraction may be related to the development of a narial 
heat-exchange apparatus, as the vestibule is complex and shows 
evidence of dense vascularization and associated pneumatic 
structures (Witmer 2001b). 

The efficiency of the enormous viscera may have been a lim- 
iting factor in determining the maximum body size of sauro- 
pods. For instance, the heart of a 30 tonne sauropod must have 
weighed at least 150 kg, and that of an 80 tonne sauropod, 
400 kg (estimated conservatively at 0.5% of body mass [Schmidt- 
Nielsen 1984]). By comparison, a 16 m fin whale (Balaenoptera 
physalus) that weighs 29 tonnes has a 150 kg heart (McAlpine 
1985), and a 30 m blue whale (Balaenoptera musculus) that weighs 
120 tonnes (Slipjer 1962) may be expected to have a heart that 
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weighs 600 kg. Whales, however, have the great advantage of liv- 
ing in a hydrostatically dense medium. Seymour (1976) conser- 
vatively estimated that sauropod hearts would have had to 
undergo myocardial hypertrophy by a factor of eight in order for 
the ventricular wall to sustain stresses of 5|00 mm Hg in the ab- 
sence of hydrostatic support. Sauropod hearts would thus have 
ranged in mass from 1.2 to 3.2 tonnes. 

Lung structure in sauropods has attracted some attention, 
especially with regard to the problems of dead space within the 
trachea. How did sauropod respiratory systems cope with the 
vast volumes of air that needed to be moved through their 
lungs? Comparison with modern birds suggests that the pneu- 
matic diverticuli in sauropod presacral vertebrae were part of an 
extensive system of air sacs that in turn were an integral part of 
amultichambered, unidirectional, avianlike lung that may have 
utilized countercurrent gas exchangers (e.g., Bakker 1971b, 1986; 
Daniels and Pratt 1992; Britt 1997). Daniels and Pratt (1992) con- 
structed a mathematical model of ventilatory dynamics in 
Mamenchisaurus that included considerations of tracheal vol- 
ume, metabolic rate (modeling the animal as both an ectotherm 
and an endotherm), and the level of work that would be neces- 
sary to ventilate either mammalian-like bellows-style lungs 
or an avianlike air-sac respiratory system. They concluded that 
the excessive energetic requirements of ventilating bellows-like 
lungs and the enormous pressure gradients generated during 
this activity precluded Mamenchisaurus from using tidal ventila- 
tion regardless of whether the animal was ectothermic or endo- 
thermic. However, the levels of work required to ventilate an 
avianlike lung were much lower, and it was determined that a 
Mamenchisaurus with ectothermic metabolism could mitigate 
the problems of a long trachea (Daniels and Pratt 1992). 

Estimation of food requirements for sauropods is of consider- 
able interest. Some authors have suggested that sauropod heads 
were too small to allow sufficient rates of food intake to permit 
tachymetabolism (e.g., Hatcher 1901; Weaver 1983; Colbert 
1993). However, it has been argued that relative to body size, 
the mouths of sauropods were as wide or wider than those of ex- 
tant herbivorous mammals and birds, and that small relative 
head size per se did not preclude tachymetabolism in sauropods 
(Bakker 1980; Paul 1991a; Christiansen 1999). Weaver (1983) re- 
viewed the caloric content of living representatives of the prin- 
cipal potential food plants and demonstrated that ferns and 
horsetails have significantly lower caloric values than do cycads 
or conifers; ginkgoes are intermediate. McNab (1986a, 1986b) 
showed that in eutherian and metatherian mammals the basal 
metabolic rate is controlled by diet, and fruits and leaves are 
associated with low basal metabolic rates. Using elephants as a 
model, Weaver (1983) estimated that a sauropod could have 
gathered 200 kg of forage per day; Colbert (1993) suggested a 
figure in excess of 170 kg per day. At this rate, a 15 ton sauropod 
eating ginkgoes could have eaten enough to sustain an endo- 
thermic metabolism. A 40 ton sauropod eating only cycads or 
conifers could have maintained endothermy, but by this model 
endothermy would have been impossible with any diet for the 
truly gigantic sauropods (e.g., Argentinosaurus [Bonaparte and 
Coria 1993)). 

Reproduction in sauropods is poorly understood. The ab- 
sence of positively identified sauropod eggs in the fossil record 
led Bakker (1980, 1986) to suggest that these animals were vi- 
viparous, a conclusion apparently supported by their wide pelvic 
canals. However, recent discoveries in Argentina and the United 
States have provided important new data on sauropod eggs and 
babies. The first embryonic sauropod remains that can be confi- 
dently associated with eggshell were recovered from the Auca 


Mahuevo site (Late Cretaceous) of Patagonia (Chiappe et al. 
1998b, 2001b). The embryos have been identified as undeter- 
mined titanosaurians on the basis of tooth morphology and 
provenance data, and their association with megaloolithid egg- 
shell confirms suggestions that at least some eggs with this shell 
structure were laid by sauropods (e.g., Mikhailov 1997a, 1997b). 
Egg shape was spherical or subspherical, and the eggs were ap- 
proximately 13-15 cm in diameter with a volume of 800 cm? 
(Chiappe et al. 1998b). Shell porosity suggests that they were 
covered with mounds of vegetation (cf. Seymour 1979), but de- 
tailed data on the sedimentology of the Auca Mahuevo site have 
yet to be published. This discovery, along with the recognition 
of other neonatal sauropod remains (see below), effectively re- 
futes Bakker’s (1980, 1986) contention (Britt and Naylor 1994; 
Chiappe et al. 1998b). Moreover, nothing about pelvic structure 
can be construed as supporting live birth in sauropods in pref- 
erence to oviposition (Dunham et al. 1989). 

A presumed association between megaloolithid eggshell and 
remains of “Hypselosaurus” (e.g., Dughi and Sirugue 1976) has 
been questioned (Buffetaut et al. 1995a). The French eggshell 
is not associated with embryonic material, and the eggs were 
originally referred to “Hypselosaurus” on the basis of their large 
size (a volume of up to 1,900 cm?) and provenance (see Buffetaut 
and Le Loeuff 1994). Moreover, the recognition of large avian re- 
mains in the eggshell-producing strata raises the possibility that 
birds, rather than sauropods, might have produced at least some 
of these eggs (Buffetaut et al. 1995b). Consequently, hypotheses 
of sauropod nesting behavior based solely on eggs referred to 
“Hypselosaurus” (e.g., Dughi and Sirugue 1976; Cousin et al. 
1994) should be viewed with caution. Flattened megaloolithid 
eggs and shell fragments from the Upper Cretaceous Infratrap- 
pean and Lameta formations of India have also been referred to 
sauropods, as the remains of Titanosaurus and Jainosaurus (for- 
merly Antarctosaurus septentrionalis) were discovered in the 
same vicinity (Vianey-Liaud et al. 1987). The large size (15 cm 
diameter) and spherical shape of the eggs were cited in support 
of this hypothesis (Vianey-Liaud et al. 1987), but embryonic re- 
mains that would confirm this supposition have yet to be dis- 
covered. The lack of associated embryonic material also prevents 
the definitive identification of purported sauropod eggs from 
the Late Cretaceous of Mongolia (Sochava 1969; Mikhailov et al. 
1994). Megaloolithid eggs and eggshell have also been reported 
from the Early Cretaceous of Spain and the Late Cretaceous of 
Portugal, Romania, Peru, Uruguay, Argentina, and Brazil (Mik- 
hailov 1997a). Eggshell referred to Faveoloolithidae is also thought 
to pertain to sauropods, on the basis of large shell size and loose 
associations with adult sauropod material (Mikhailov 1997a). 
However, this material, from the Cretaceous of Mongolia and 
China, is not associated with embryonic material, and its refer- 
ral to Sauropoda cannot be confirmed at present. 

Britt and Naylor (1994) described the premaxilla of an em- 
bryonic or hatchling Camarasaurus and calculated that this 
individual would have been around 1 m in length, with a body 
volume of approximately 7.5 liters. Aepyornis eggs indicate 
that there is no physiological barrier to producing 9-liter eggs; 
thus, there is no need to postulate viviparity in sauropods as it 
is likely that they could have produced eggs large enough to 
house 1-1.5 m long hatchlings (Britt and Naylor 1994). Other 
embryonic remains include undescribed teeth from the Morrison 
Formation of Wyoming (Barrett, pers. obs.). A purported sauro- 
pod embryo from the Lameta Beds of India (Mohabey 1987) has 
been suggested to pertain to a booid snake (Jain 1989). Juvenile 
material has been recovered from the Morrison Formation of 
Oklahoma, Colorado, Utah, and Wyoming (Camarasaurus, Apato- 


saurus), the Arundel Clay of Maryland (Pleurocoelus [see reviews 
in Britt and Naylor 1994; and Carpenter and McIntosh 1994]), 
and the Middle Jurassic Wucaiwan Formation of China (Bel- 
lusaurus [Dong 1990a]). The rarity of juvenile material has so 
far prevented detailed ontogenetic work, with the exception of 
several histological studies (see below), although the material 
referable to Camarasaurus should be amenable to analysis. 

Several authors have suggested that heterochrony was im- 
portant in sauropod evolution (Jianu and Weishampel 1999; 
Salgado 1999). For example, the ventral position of the foramen 
magnum in diplodocoids might represent a neotenous feature, 
as several developmental studies on mammals have demon- 
strated that during development the foramen magnum migrates 
caudodorsally, from a ventral to a caudal position (Salgado 1999). 
Regression analyses of humeral dimensions in the Late Creta- 
ceous lithostrotian Magyarosaurus have shown that adults of this 
taxon are perhaps the smallest adult neosauropods (Jianu and 
Weishampel 1999). Moreover, Magyarosaurus humeri are more 
similar to those of subadults than to those of adults of other 
sauropod taxa. These observations suggest that Magyarosaurus 
might be a paedomorphic dwarf (Jianu and Weishampel 1999), 
a conclusion supported by the phylogenetic position of this 
taxon indicating that small size was an apomorphic character 
for this genus. The small size of dicraeosaurids has also been ex- 
plained as a result of progenetic paedomorphosis (Salgado 1999). 

The age of “Hypselosaurus” at sexual maturity was calculated 
by Case (1978b) as 62 years (range 25 to 72 years), and age at 
adult size as 82-118 years. For Brachiosaurus, sexual maturity 
would have taken over a century. These estimates, however, are 
based on frank extrapolations of reptilian growth rates; assump- 
tions of avian or mammalian growth rates would make an ap- 
proximately tenfold difference (Case 1978b). Avian- or mammal- 
like levels of primary and secondary vascularization and the 
rapid deposition of primary fibrolamellar bone (e.g., Enlow and 
Brown 1957; Currey 1962; Ricqles 1980; Rimblot-Baly et al. 1995; 
Curry 1999; Sander 1999) encourage the view that sauropods 
grew rapidly and continuously but does not confirm endothermy 
(Reid 1984a, 1984b, 1987a). Furthermore, lamellae document- 
ing cyclical growth are reported in some sauropod humeri (Ric- 
qlés 1983; Sander 1999), femora (Sander 1999), and a pelvis 
(Reid 1981). Ricqlés (1983) interprets the histological evidence 
as consistent with inertial homeothermy coupled with incipi- 
ent endothermy. However, whatever the metabolic rate of sauro- 
pods, Dunham et al. (1989) believe that sexual maturity occurred 
at 20 years of age or less, on the grounds that delay of first breed- 
ing beyond that age requires highly improbable levels of juvenile 
survivorship. Curry (1999) suggests that Apatosaurus reached 
large subadult size (approximately 90% of adult size) in around 
10 years. Combination of data from ontogenetic sequences 
and bone histology indicates that dinosaurian growth rates 
were higher than those of extant reptiles and that sauropods 
grew at rates comparable to those of extant cetaceans (Erickson 
et al. 2001). Longevity generally correlates positively with body 
size (e.g., Calder 1984), and life spans on the order of 100 years 
cannot be regarded as unreasonable given the brackets of 70 
years for elephants (Vaughan 1978) and 150 years or more for tor- 
toises (Minton and Minton 1973). 

Sauropod remains are found in mass accumulations (bone 
beds) in the Morrison Formation of the western United States 
(Dodson et al. 1980a), in the Tendaguru Beds of East Africa 
(Russell et al. 1980; Heinrich 1999), in the Kota Formation of 
India (Jain 1980), in the Lower Shaximiao Formation of the 
Sichuan Basin in China (Xia et al. 1983; Xia and Li 1988), and in 
the Canodon Asfalto Formation of Patagonia (Coria 1994). Vast 
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sauropod footprint assemblages (e.g., Bird 1985; Lockley 1986a, 
1986b; Farlow 1987a; Lockley et al. 1994a, 1994b; Day et al. 
2002b) provide complementary data suggesting that at least 
some sauropods were gregarious some of the time (Coombs 
1990a). Trackway data also demonstrate that some sauropods 
moved in multispecies herds: a Middle Jurassic tracksite from 
England shows wide-gauge titanosaurian trackways on the same 
bedding plane, and tending in the same direction, as trackways 
of nontitanosaurian sauropods (Day et al. 2002b). However, 
some sauropods are never found in major bone beds. These in- 
clude, for example, Brachiosaurus and Haplocanthosaurus in the 
United States and all of the Mongolian and European sauropods. 
Abundant massed remains of Brachiosaurus are found at Ten- 
daguru. It is not known whether there was a genuine behavioral 
difference between American and African species (which is not 
inherently improbable) or the fossil record of Brachiosaurus in 
the Morrison is simply too poor. It is reasonable to conclude that 
some, but not necessarily all, sauropods were gregarious. 
Although taphonomic theory predicts that animals of large 
body size may potentially be overrepresented in the fossil record 
(Behrensmeyer et al. 1979; Coe et al. 1987), the probability of 
preservation of a complete individual declines at large size, given 
the vagaries of both sedimentation and erosion. Body parts 
most likely to be lost before burial include the tail, the feet, and 
the skull (Dodson 1971). The largest dinosaurs that are regularly 
preserved complete measure about 10 m in length (e.g., iguan- 
odontians, hadrosaurids). Complete sauropod skeletons are 
exceedingly rare. Of approximately 100 valid sauropod genera, 
only 21 genera are known from 90% or more of the entire skele- 
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ton, while complete or partial skulls are known in only 24 gen- 
era. Juveniles are also uncommon, but babies and even embryos 
have recently been recognized (see above). 

The geographic distribution of sauropods has ecological sig- 
nificance. In the Morrison Formation, sauropod faunas are es- 
sentially homogeneous over distances of 1,000 km (Dodson et 
al. 1980b). This distribution, coupled with evidence of seasonal 
aridity and the absence of abundant plant remains, suggests that 
Morrison sauropods may have migrated long distances in search 
of food (see Calder 1984 and Spotila et al. 1991 on the positive 
relationship between increased body size and tendency to mi- 
grate). Another consideration favoring the concept of vagile 
sauropods is the impact that herds must have had on the slow- 
growing local vegetation (Coe et al. 1987; Tiffney 1997). Regular 
herd movements such as those demonstrated by modern African 
ungulates (Sinclair and Norton-Griffiths 1979) would provide 
the opportunity for depleted vegetation to recover. Long legs and 
large body size undoubtedly aided long-distance movements, 
even at rates of 10-20 km per day (Hotton 1980; Parrish et al. 
1987; Spotila et al. 1991; Christiansen 1997; Paul 1997a). 

Many sauropod communities, particularly those of the Late 
Jurassic and Early Cretaceous, contained several sympatric gen- 
era (e.g., Dodson et al. 1980b; Russell et al. 1980; Dong 1992; 
Bonaparte 1996b; Weishampel et al., this vol.). Differences in 
jaw mechanics, absolute and relative neck lengths, neck flexi- 
bility, body size, tripodal or bipedal ability, and dietary prefer- 
ences probably served as the bases for niche separation between 
sauropod genera (Fiorillo 1991c, 1998a; Barrett and Upchurch 
1995a; Barrett 1996; Upchurch and Barrett 2000a). 


ORNITHISCHIA 


DAVID B. WEISHAMPEL 


Ornithischia, the sister group of Saurischia and hence half the 
evolutionary legacy of the common ancestor of these two 
groups, was first recognized by Harry Govier Seeley in 1887 (See- 
ley 1887a). Members of this clade, presently known from more 
than 200 species, have traditionally been grouped into five 
higher taxa—Stegosauria, Ankylosauria, Ornithopoda, Pachy- 
cephalosauria, and Ceratopsia, with a few species intercalated 
among them. Efforts to understand the phylogenetic relation- 
ships of these taxa using cladistics began in 1984 with the co- 
incident publications of Norman (1984a) and Sereno (1984). 
Sereno (1986) provided a refinement and expansion of his ear- 
lier work, and the topology and synapomorphies have been the 
leading guide or template in virtually all subsequent studies of 
ornithischian phylogeny. 

Despite the abundance and often exceptional quality of 
ornithischian material and its broad geographic and strati- 
graphic distribution, no numerical cladistic analysis dedicated 
solely to Ornithischia has yet been published. Consequently, this 
summary relies on cladal relationships within ornithischians 
recently outlined by Sereno (1999a) and does not report on par- 
ticular numerical analyses and their statistics. 

Ornithischia is a stem-based clade defined as all dinosaurs 
more closely related to Triceratops than to Tyrannosaurus (fig. 
O.1). Its diagnostic features are well known and include a dis- 
tinctive opisthopubic pelvis; a neomorphic predentary bone; 
a toothless (at least the width of one or more tooth positions) 
and roughened tip of the snout; a shallow, broad premaxillary 
palate; a long premaxillary caudolateral process; a palpebral, 
subtriangular maxillary and dentary crowns that have denticu- 
late mesial and distal margins; an elevated coronoid process; a 
jaw joint set below the level of the maxillary tooth row; cheek 
teeth with low crowns triangular in shape; at least five sacral ver- 
tebrae; loss of gastralia; ossified tendons at least above the sacral 
region and probably farther along the vertebral column as well; 
restriction of the pubic symphysis to the distal ends of the pu- 
bic shaft; establishment of a puboischial symphysis; and loss 
of phalanges for pedal digit V. 

The basal split of Ornithischia is into Lesothosaurus diagnos- 
ticus (and possibly Pisanosaurus mertii [chapter 14]) and Gena- 
sauria. Sereno (1997) defined this latter clade as node-based, 
consisting of the most recent common ancestor of Ankylosaurus 
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FIGURE 0.1. Cladogram of Ornithischia. 


and Triceratops and all the descendants of this common an- 
cestor. Genasaurs share the derived characters of buccal emar- 
gination of the tooth rows, elevation of the dentary coronoid 
process to 50% or more of the depth of the dentary at mid- 
length, and tapering of the distal end of the pubic peduncle of 
the ilium. 

Genasaurs subsequently split into Thyreophora and Cer- 
apoda. Thyreophora—a name originally proposed by Nopcsa in 
1915—is a stem-based clade consisting of all genasaurs closer 
to Ankylosaurus than to Triceratops. Thyreophorans are those 
genasaurs in which the postorbital process of the jugal is broad- 
ened transversely, and parallel rows of keeled dermal scutes are 
found on the dorsum of the body. The most familiar thyre- 
ophorans are stegosaurs (chapter 16) and ankylosaurs (chapter 
17), but there are some more primitive yet no less important 
thyreophorans (chapter 15). 

Thyreophora has as its sister taxon Cerapoda, a stem-based 
clade defined as those genasaurs more closely related to Tricer- 
atops than to Ankylosaurus. Cerapods share a diastema between 
the teeth of the premaxilla and maxilla, asymmetrical enamel 
on the crowns of the maxillary and dentary teeth, five or fewer 
premaxillary teeth, and a fingerlike cranial trochanter, among 
other derived characters. 


Within this large group we encounter Ornithopoda 
(chapters 18-20) and Marginocephalia. Marginocephalians is 
a node-based group consisting of the most recent common 
ancestor of Pachycephalosaurus and Triceratops and all the de- 
scendants of this common ancestor. Marginocephalians are 
united by having a shelf formed from both the parietal and 
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squamosal bones that extends over the back of the skull, a re- 
duced contribution of the premaxillary bone to the palate, and 
a short pubis without a symphysis with its partner. Margin- 
ocephalia comprises two well-known ornithischian taxa, 
pachycephalosaurs (chapter 21) and ceratopsians (chapters 22 
and 23). 


FOURTEEN 


Basal Ornithischia 


DAVID B. NORMAN 
LAWRENCE M. WITMER 
DAVID B. WEISHAMPEL 


Ornithischia is a long-established and well-corroborated clade 
of dinosaurs that share a considerable number of anatomical 
characters. In recent years it has become apparent that a num- 
ber of taxa of stratigraphically early and anatomically conser- 
vative ornithischians can be recognized. These are referred to 
in this chapter as basal ornithischians and, in the absence of 
further data, occupy a position on the ornithischian cladogram 
on the stem prior to Genasauria. 

The phylogenetic positions of Lesothosaurus, Pisanosaurus, 
Technosaurus, and several other taxa, notably Fabrosaurus, that 
are based on nondiagnostic remains (table 14.1) have proved 
controversial. Recent cladistic analyses of their relationships to 
other ornithischians have demonstrated, however, that they 
include the most primitive members of this large and diverse 
dinosaurian group (Gauthier 1986; Sereno 1986, 1991b). The 
most basal ornithischians known to date are small (1-2 m long), 
obligate bipeds that exhibit anatomical features (tooth and jaw 
shape, as well as pelvic morphology) normally linked with a 
primarily herbivorous diet. 


Definition and Diagnosis 


Ornithischia is a stem-based taxon defined as all dinosaurs closer 
to Iguanodon than to Cetiosaurus. It can be diagnosed on the 
basis of the following characters: a rostral premaxillary border 
with a rugose edentulous gap in the midline; an edentulous 
predentary bone capping the dentary symphysis; the coronoid 
process of the dentary overlapping the surangular; median pre- 
maxillary rugosities above the edentulous oral margin; the palpe- 
bral, a rodlike bone attached to the rostral orbital margin and 
curving across the orbit; six slightly bulbous, conically pointed 
premaxillary teeth; maxillary and dentary teeth with cylindri- 
cal roots separated from the crown by a constriction; the base of 
the crown expanded to form a cingulum; the maxillary and 
dentary crowns laterally compressed and broadly triangular in 
lateral profile, with a thick central portion, the mesial and dis- 
tal edges of the crown bearing a fringe of five to nine simple, 
pointed denticles; the crowns of the teeth wider at the base than 
at the roots and consequently arranged in an en echelon fashion; 
the long axis of the crown offset from the long axis of the root 
in mesial or distal view; dentary teeth graded in size, the largest 


crowns being found more distally within the dentition; the 
sacrum comprising four sacrals carrying sacral ribs and one 
sacrodorsal; a long, slender, rod-shaped pubis oriented caudo- 
ventrally, lying parallel to the ischium, and terminating dis- 
tally in a short, median pubic symphysis that lies adjacent to 
the distal end of the ischium; a deep, tab-shaped prepubic pro- 
cess; a long, transversely compressed, tapering preacetabular 
process projecting from the dorsal edge of the ilium beyond the 
prepubic process; prominent lateral expansion of the ischial pe- 
duncle of the ilium; a prominent and narrow, pendant fourth 
trochanter on the femur; and ossified tendons that are longitu- 
dinal elements arranged epaxial to the dorsal, sacral, and caudal 
vertebrae. 


Anatomy 


Lesothosaurus diagnosticus is well known from skull and post- 
cranial material (figs. 14.1, 14.4; Thulborn 1970a, 1972; Santa 
Luca 1984; Weishampel 1984a; Crompton and Attridge 1986; 
Sereno 1991b). Additional postcranial material thought to 
pertain to this taxon (Santa Luca 1984) is also discussed here. 
Pisanosaurus mertii was described by Casamiquela (1967b) and 
Bonaparte (1976) and partially reillustrated by Sereno (1991b). 
The material, which includes portions of the skull, the axial 
skeleton, and the hindlimb, with a few fragments of the shoul- 
der and pelvic girdles, is incomplete and poorly preserved. Size 
differences among these specimens suggest that the association 
is partially incorrect. When originally described, Technosaurus 
smalli was based on a small number of cranial and postcranial 
elements pertaining to at least two individuals (Chatterjee 1984). 
Sereno (1991b) reviewed this material and concluded that the 
lower jaw with teeth (fig. 14.2C) belonged to an ornithischian 
but that some of the material (the premaxilla and the caudal 
end of the mandible) probably belonged to a smaller prosauro- 
pod, while the remainder proved to be indeterminable. 


Skull and Mandible 


The caudal half of the skull of Lesothosaurus (fig. 14.1) is box- 
shaped, while rostral to the orbital region the snout is elongate 
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TABLE 14.1 


Basal Ornithischia 
Occurrence Age Material 
Ornithischia Seeley, 1888a 
Lesothosaurus Galton, 1978 
L. diagnosticus Galton, 1978 Upper Elliot Formation Hettangian- At least 4 skulls and associated 
(Mafeteng), Lesotho ?Sinemurian skeletal material 
Unnamed ornithischian (Santa Luca, 1984) Upper Elliot Formation Hettangian- Fragmentary skull material and 
(Mafeteng), Lesotho ?Sinemurian associated skeletons of several 
individuals 
Pisanosaurus Casamiquela, 1967b 
P. mertii Casamiquela, 1967b Ischigualasto Formation Carnian Fragmentary skull and skeleton 
(La Rioja), Argentina 
Technosaurus Chatterjee, 1984 
T. smalli Chatterjee, 1984 Cooper Canyon Formation Norian Dentary 
(Texas), United States 
Nomina dubia Material 
Alocodon kuehnei Thulborn, 1973a Tooth 
Fabrosaurus australis Ginsburg, 1964 Fragmentary dentary with teeth 
Gongbusaurus shiyii Dong, Zhou, et Zhang, 1983 Teeth 
Lucianosaurus wildi Hunt et Lucas, 1994 Teeth 
Pekinosaurus olseni Hunt et Lucas, 1994 Teeth 
Revueltosaurus callenderi Hunt, 1989 Teeth 
Stegosaurus madagascariensis Piveteau, 1926 Teeth 
Taveirosaurus costai Antunes et Sigogneau-Russell, 1991 Teeth 
Thecodontosaurus gibbidens Cope, 1878e Teeth 
(type of Galtonia Hunt et Lucas, 1994) 
Trimucrodon cuneatus Thulborn, 1973a Tooth 


Xiaosaurus dashanpensis Dong et Tang, 1983 


Teeth and isolated postcranial material 


and tapered. The external naris is small, there is a large, shallow, 
triangular external antorbital fenestra, and the orbit is large and 
partially traversed by an elongate palpebral bone; the infra- 
temporal fenestra is oblong with an oblique axis, while the 
supratemporal fenestra is oval in outline. The lower jaw has a 
large external mandibular fenestra bordered by the dentary, 
surangular and angular. 

The premaxilla of Lesothosaurus forms the lower half of the 
opening for the naris, and a well-marked narial fossa extends to 
just above the labial margin. The dorsal premaxillary process 
meets its counterpart as a distinct butt joint and contacts the 
nasal in a scarf joint rostral to the naris. A tapering, lateral pro- 
cess wedges between the maxilla and the nasal, completely ex- 
cluding the maxilla from the margin of the naris. Foramina pierce 
the premaxillary body immediately rostral to the naris and close 
to the midline (Crompton and Attridge 1986); adjacent to this 
edentulous area the tip of the premaxilla is roughened (Sereno 
1991b:fig. 6c) as if for attachment of a keratinous rhamphotheca. 
There are six teeth in the premaxilla in Lesothosaurus (Sereno 
1991b). The ventral part of the palatal premaxillary surface is 
excavated to receive the rostral process of the maxilla. 

The nasal in Lesothosaurus forms the entire dorsal margin of 
the external naris and roofs the nasal cavity. Ventrally the nasal 
contacts the maxilla and the prefrontal. Medial to the nasal- 
prefrontal joint the nasal overlaps the frontal. 

The maxilla in Lesothosaurus surrounds most of the external 
antorbital fenestra, so that only the lacrimal and a narrow ros- 
tral process of the jugal bound its caudal margin. The external 
antorbital fenestra delimits an extensive but shallow antorbital 
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FIGURE 14.1. Lesothosaurus diagnosticus, skull in left lateral view. Shad- 
ing indicates the rostral ramus of the quadrate and palatine in the floor 
of the orbit, the styloid parasphenoid at the rear of the orbit, and the 
pterygoid-quadrate plate through the infratemporal fenestra. Scale = 2 cm. 


fossa in the dorsolateral wall of the maxilla. The medial wall of 
the fossa, formed by the maxilla and the lacrimal, is penetrated 
by asmall, internal antorbital fenestra connecting the nasal cav- 
ity and the antorbital fossa. The dorsal part of the fossa is formed 
by a simple beveling of the maxillary wall and deepens ventrally 
to form a distinct trough delimited by a lateral lip, the supralve- 
olar lamina (Witmer 1997a). The region just dorsal to the teeth 
presents a concentration of external neurovascular foramina, 
most of which converge on a slitlike aperture within the floor 
of the antorbital cavity; these foramina conveyed branches of 
the maxillary neurovascular bundle (Witmer 1997a). Rostrally 
the upper edge of the maxilla forms a scarf-edged suture with 
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FIGURE 14.2. A, B, Pisanosaurus mertii: A, maxillary fragment in lateral view; B, lower jaw in lateral view. 
C, Technosaurus smalli, lower jaw in lateral view. Scale = 1 cm. (A, B, after Bonaparte 1976; C from Chat- 


terjee 1984.) 


the lateral process of the premaxilla, and a medially directed ros- 
tral process contacts the premaxilla near the midline; unfortu- 
nately, this part of the skull is not sufficiently well preserved for 
us to determine whether the vomer and the maxilla lock into 
the back of the premaxilla. Beneath the orbit, the upper surface 
of the maxilla forms an elongate, narrow facet for attachment 
of the jugal. Immediately beneath the lower edge of the external 
antorbital fenestra the body of the maxilla is slightly deflected 
medially. Pisanosaurus exhibits a deep, more extensive lateral buc- 
cal recess on its maxilla. There are 15-16 tooth positions in the 
maxilla in Lesothosaurus (Sereno 1991b) and at least 11 in the 
partial maxilla of Pisanosaurus (fig. 14.2A); Bonaparte (1976) es- 
timated a full maxillary complement of 16 to 18. 

The lacrimal in Lesothosaurus is a curved, strutlike element 
that interlocks against a fingerlike process of the maxilla around 
the external antorbital fenestra (Sereno 1991b). In doing so the 
lacrimal separates the antorbital fossa and the orbit in a struc- 
tural arrangement that is similar to that seen in the ornithopod 
Hypsilophodon (Galton 1974a) and Dryosaurus (Janensch 1955). 
The lacrimal articulates dorsally with the prefrontal and ven- 
trally with the jugal along short scarf joints. The orbital surface 
of the lacrimal is pierced by the nasolacrimal canal. Although the 
canal cannot be directly traced further rostrally, it clearly did not 
pierce the ventral ramus and thus must have taken a more dor- 
sal course through the rostral ramus, as seen in Hypsilophodon and 
the basal sauropodomorph Plateosaurus (Witmer 1997a, 1997b). 

The prefrontal has a teardrop outline. It contacts the nasal 
rostrally, the lacrimal ventrally, and the frontal medially; its lower 
orbital edge is notched to support the base of the supraorbital, 
and it forms the rostrodorsal margin of the orbit. The frontal 
forms the broad rostral portion of the skull roof and contributes 
extensively to the dorsal margin of the orbit. A transverse and 
moderately interdigitate suture is made with the parietal. The 
interfrontal joint is straight throughout its length. The fused, 
broad parietals form both the caudal portion of the skull roof 
and a ledge that slightly overhangs the occiput. There is a low 
but distinct sagittal crest. Caudally the parietal is drawn out into 
laterally projecting flanges that contact the squamosals along 
the crest of the paroccipital processes. 

The short medial process of the postorbital contacts the 
frontal and the parietal along a slightly interdigitate suture. The 
ventral process reaches nearly to the body of the jugal to form 
virtually the entire postorbital bar but articulates principally 
along the rostrolateral edge of the dorsal process of the jugal. 
The postorbital makes an extensive scarf joint with the squamosal 
as a long, overlapping, tapering fingerlike process; together these 
bones form the supratemporal arch. 

The jugal forms the lateral wall of the adductor chamber, 
covering the coronoid process of the mandible. It makes a scarf 


articulation with the postorbital and extensively overlaps the 
quadratojugal; rostrally it contacts the lacrimal and maxilla. The 
quadratojugal is large and V-shaped. Dorsally it forms a tapering 
process that runs up the leading edge of the quadrate, terminat- 
ing where it contacts the prequadratic process of the squamosal, 
excluding the quadrate from the margin of the infratemporal 
fenestra. 

The area immediately above the prequadratic process of the 
squamosal forms a ledge that probably represents the area for 
attachment of M. adductor mandibulae externus superficialis 
(cf. Galton 1974a). The head of the quadrate fits into a deep 
pocket on the ventral surface of the squamosal. Directly behind 
this pocket the postquadratic process overlaps the lateral aspect 
of the paroccipital process. 

Broad and flat dorsally, the quadrate head is buttressed cau- 
dally by a small protuberance on the upper part of the quadrate 
shaft that contacts the postquadratic process of the squamosal. 
The shaft of the quadrate is shallowly concave caudally, while 
rostrally it is subdivided vertically into pterygoid and jugal rami. 
The jugal ramus is notched fora small paraquadratic foramen lo- 
cated between the jugal and the quadratojugal and mostly hid- 
den in lateral view. The deep pterygoid ramus forms an extensive 
overlapping suture with the pterygoid that is visible through the 
infratemporal fenestra. The distal condyle of the quadrate is trans- 
versely broad and forms a bicondylar jaw joint. 

Sereno (1991b) described the palate and braincase of Leso- 
thosaurus. The supraoccipital is subtriangular and transversely 
arched, and there is a midline ridge. It forms the entire dorsal 
margin of the foramen magnum and laterally rests on the me- 
dial portions of the paroccipitals. Laterally and dorsally the supra- 
occipital is extensively fused to the parietals, while rostrally it 
reportedly has a lateral exposure on the braincase, considered 
an epiotic by Sereno (1991b). The exoccipitals and opisthotics 
are indistinguishably fused to form the paroccipital processes; a 
delicate footplate and ossified proximal section of the stapes has 
also been illustrated (Sereno 1991b). The paroccipital processes 
project more or less horizontally from the lateral margins of the 
foramen magnum and widen slightly distally; they are slightly 
pendant when viewed laterally. The prootic forms a large, thick 
triangular plate that makes up much of the dorsal part of the lat- 
eral wall of the braincase. Rostrally it forms a butt joint with the 
laterosphenoid, which tapers and swings laterally to underlie 
the postorbital and form the rostral wall of the supratemporal 
fenestra. The basioccipital and basisphenoid form robust hemi- 
cylindrical elements on the floor of the braincase. The cres- 
centic occipital condyle extends to the base of the exoccipitals, 
which form small condylids on either side of the foramen mag- 
num. Neither the structure of the basioccipital-basisphenoid 
suture nor those of the basal tubera are known. The prominent 
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basipterygoid processes extend rostrolaterally and slightly ven- 
trally to terminate in bluntly rounded articular surfaces that 
contact the central body of the pterygoid. Between the basip- 
terygoid processes is a long, styloid parasphenoid that projects 
rostrally and essentially horizontally; its dorsal surface bears a 
sulcus for the cartilaginous interorbital septum. 

The vomers are long, thin triangular plates that lie on the 
midline of the palate. Each vomer has been reported as being 
fused to its neighbor along the ventral margin, forming a me- 
dian keel. The palatine is a transversely broad plate that is firmly 
sutured to the maxilla. Its dorsal surface bears two excavations 
separated by a strong ridge; the caudal excavation grades into 
the pterygoid bone and represents a fossa for the dorsal ptery- 
goideus muscle, while the rostral fossa is associated with the nasal 
or, more likely, the antorbital cavity and thus may be a pneu- 
matic structure (Witmer 1997a). The palatine articulates with the 
pterygoid medially, and the latter two bones are locked against 
the maxilla by a U-shaped and straplike ectopterygoid bounding 
a small suborbital fenestra. The pterygoid is not well known, al- 
though the quadrate ramus is thin and deep, contracting toward 
the central plate and the basal articular region. Short, stout ven- 
tral pterygoid flanges are present, and the rostrodorsal process 
projects forward and between the palatines as flat plates. 

A small, arrowhead-shaped predentary caps the rostral tip 
of each dentary. The short, lateral processes of the predentary 
wrap around the tip of each dentary and dorsally along the 
edentulous oral margin. A median ventral process fits wedgelike 
under the full length of the dentary symphysis. Large vascular 
foramina are found in the predentary body at the base of each 
lateral process and on adjacent areas of the dentaries. 

The dorsal and ventral margins of the dentary in Lesotho- 
saurus, Pisanosaurus, and Technosaurus are subparallel for most 
of its length; these edges diverge caudally to accommodate the 
postdentary bones and to support a coronoid process that lies 
on the rostral margin of a dorsal expansion of the surangular 
(fig. 14.1). Neurovascular foramina are found scattered along 
the lateral face of the dentary and also concentrated close to the 
symphysis. The dentaries meet rostrally at a narrow but spout- 
shaped edentulous symphysis that is deflected ventrally (to 
accommodate the predentary), shallow, and ovoid in shape. The 
rugose symphyseal surface is set at an angle to the horizontal. In 
Lesothosaurus the dentary accommodates as many as 20 tooth 
positions (Gow 1981); at least 15 positions are recorded in the 
damaged and incomplete lower jaw of Pisanosaurus; Technosaurus 
is too fragmentary to offer meaningful information. Whether 
there is a slight rostral diastema between the first tooth and the 
caudal margin of the keratinous predentary beak (Crompton 
and Attridge 1986; Weishampel and Witmer 1990a; contra Sereno 
1991b) is unclear. The distal end of the tooth row is slightly in- 
set medially from the side of the dentary. This condition is also 
seen in Technosaurus (fig. 14.2C) and Fabrosaurus australis (Thul- 
born 1992). The dentary teeth of Pisanosaurus (Bonaparte 1976) 
are clearly inset along most of the length of the dentary. 

Lesothosaurus has a well-developed external mandibular fen- 
estra. Casamiquela (1967b) described a large opening at the junc- 
tion of the surangular, dentary, and angular in Pisanosaurus, 
which he and subsequently Bonaparte (1976) considered to bea 
preservational artifact. However, this is the approximate position 
for an external mandibular fenestra, and Sereno (1991b) claimed 
to have seen some bony edges supporting such an interpreta- 
tion. On the medial wall of the dentary (and maxilla) in Lesotho- 
saurus a row of alveolar foramina (one per tooth position) repre- 
sents the position of access for neurovascular supply associated 
with the dental lamina. 
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FIGURE 14.3. Dentary tooth of Lesothosaurus diagnosticus in labial view. 
Scale = 1 cm. 


The caudodorsal edge of the dentary swings dorsally and lat- 
eral to the dentition to form a tongue-shaped process that over- 
laps the surangular and forms the elevated coronoid process of 
more derived ornithischians. The extent of development of 
the coronoid region in Pisanosaurus cannot be established with 
confidence because this area of the lower jaw is clearly broken. 

The surangular forms the major portion of the coronoid 
process, the dorsal margin of the external mandibular foramen, 
the inner wall of the adductor fossa, the lateral wall of the gle- 
noid, and the lateral aspect of the retroarticular process. Later- 
ally the rim of the jaw joint is buttressed by a liplike thickening 
of the surangular, beneath which is found a small surangular 
foramen. The angular forms the caudoventral margin of the 
lower jaw, wrapping around to the medial side beneath the ar- 
ticular. It also forms a caudal portion of the external mandibu- 
lar fenestra. The articular forms the medial portion of the jaw 
joint and is lodged between the surangular, the angular, and the 
prearticular. The prearticular is an elongate strap of bone lying 
medial to the articular, ventral to the adductor fossa and (in all 
probability) overlapping the medial wall of the dentary. The ros- 
tral part of the prearticular was overlapped by the platelike sple- 
nial. The long, deep splenial covers much of the medial surface 
of the dentary and the channel forming the mandibular canal. 

The dentition of Lesothosaurus has been described by Thul- 
born (1970a, 1971a), Galton (1978), Weishampel (1984a), Cromp- 
ton and Attridge (1986), and Sereno (1991b). Premaxillary teeth 
are procumbent, narrow, conical, moderately recurved, and 
slightly spoon-shaped toward the apex (fig. 14.1). A neck and 
slight swelling separates the base of the crown from the long, 
subcylindrical roots. On the lingual surface of the more mesial 
premaxillary teeth a vertical furrow and an adjacent sharp ridge 
extend toward the mesial edge of the crown. More distally along 
the series the last two crowns acquire mesial and distal denticles. 
Both the maxillary and the dentary tooth crowns are bucco- 
lingually compressed and mesiodistally expanded to assume 
their characteristic subtriangular shape (fig. 14.3), and both are 
entirely coated by an even layer of prismatic enamel. From five 
to nine denticles are found on the mesial and distal edges of the 
maxillary and dentary teeth. With slight distal displacement 
of the crown apex, there are often slightly higher numbers of 
denticles on the mesial edges. The crown meets the root at a dis- 
tinct neck, above which the base of the crown is swollen to form 
a cingulum (fig. 14.3) that extends mesially and distally to 
form the first denticle at the base of each edge. In mesial and dis- 
tal view the long axis of the crowns is offset against the long axis 
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FIGURE 14.4. Lesothosaurus diagnosticus, skeletal reconstruction. Scale = 20 cm. 


of the root. Teeth vary in size along the tooth row, increasing in 
size distally along the series and reaching a maximum toward 
the rear half of the series. 

The roots of the maxillary and dentary teeth are closely 
packed; consequently adjacent crowns are imbricated and de- 
velop interdental pressure facets where they rub against each 
other during occlusion. Wear facets usually develop on the 
mesial and/or distal halves of the crown (on the lingual side for 
maxillary teeth, in the buccal for dentary teeth), although oc- 
casionally crowns show apical truncation and abrasion. Most 
adjacent facets are set at obtuse angles, but such facets are irreg- 
ularly and unevenly scattered along the dentition. Individual 
wear facets are oriented nearly vertically (subtending a low an- 
gle to the longitudinal axis of the tooth). 

While the above description is broadly applicable to the lit- 
tle that is known of Technosaurus, the dental morphology in 
Pisanosaurus differs significantly. In Pisanosaurus the maxillary 
and dentary teeth are closely packed and apparently lack a 
cingulum. Occlusal surfaces are continuous between adjacent 
teeth. For the maxillary teeth, which curve lingually from their 
base, the occlusal plane is inclined at approximately 45° to the 
vertical. The dentary teeth vary in size, from small mesially to 
large distally. Unlike the maxillary crowns, the dentary crowns 
are straight and vertical. The slightly buccally concave wear sur- 
faces are inclined 60° to 70°. 


Postcranial Skeleton 


The postcranial description relies principally on the work of 
Thulborn (1972) on Lesothosaurus (fig. 14.4), with some addi- 
tional observations by Santa Luca (1984) and Sereno (1991b). 


AXIAL SKELETON 


To date, the vertebral column of Lesothosaurus has not been suf- 
ficiently well preserved to allow a full description. The proatlases 
are small, curved, straplike elements that articulate with the 
prezygapophyses of the atlas arches and link the atlas to the oc- 
ciput. The neural arch of the atlas is a paired structure, each part 
comprising a pedicle that is expanded and articulated with the 
margins of the intercentrum; it also forms part of the facet for 


the occipital condyle. Above this base the arch contracts and 
curves dorsomedially to approach its neighbor in the midline, 
forming an enclosure of the nerve cord. The upper part of the 
neural arch sends out a prezygapophysis that faces slightly 
dorsolaterally and forms a platform for the proatlas. Caudally 
the ventral surface forms a zygapophyseal facet for articulation 
with the axis and a laterally projecting stylelike process, or epi- 
pophysis (Sereno 1991b). The atlas intercentrum and odontoid 
are not known to date. The axis preserves neither the inter- 
centrum nor an odontoid but comprises a spool-shaped cen- 
trum with amphiplatyan articular ends; dorsally a high, curved 
neural spine extends caudodorsally to overhang the succeed- 
ing vertebra. The prezygapophyses face dorsolaterally, while 
the postzygapophyses face ventrolaterally and are supported on 
short, stout processes that project from the base of the neural 
spine. There is no indication of discrete articulation facets for an 
axis rib on either the centrum or the neural arch. The third cer- 
vical has a dorsoventrally flattened, spool-shaped centrum with 
a broad ventral keel and amphiplatyan articular ends. There are 
facets for both the capitulum and the tuberculum on the lateral 
wall of the centrum (a parapophysis on the lower rostral rim 
of the centrum, a diapophysis on the neurocentral suture, there 
being no discrete transverse process) as first described by Santa 
Luca (1984). The neural spine is short and hooked. The pre- and 
postzygapophyses are prominent and well separated from the 
midline and have facets that are angled at approximately 45° to 
the vertical. Sereno (1991b) noted the presence of flanges (epi- 
pophyses) above the postzygapophyses in this vertebra (similar 
structures are found only on the fourth cervical of Heterodonto- 
saurus [Santa Luca 1980:fig. 5A]). More caudal cervicals assume 
a slightly more usual form (Santa Luca 1984) in the sense that 
they develop a horizontal shelf that connects the pre- and post- 
zygapophyses and from which develops a discrete, robust trans- 
verse process bearing the diapophysis for the tuberculum of its 
rib. The centra are spool-like but compressed rostroventrally 
to produce a narrow keel that broadens caudally. The articular 
faces are amphiplatyan. The parapophysis migrates dorsally 
from its position on the rostral margin of the centrum until it 
crosses the neurocentral suture in caudal members of the series. 
The neural spine is short and hooklike along the entire cervical 
series, and the pre- and postzygapophyses are prominent and 
widely spaced. 
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Three of the vertebrae referred to Pisanosaurus were origi- 
nally thought to be caudals by Casamiquela (1967b) but have 
been interpreted by Bonaparte (1976) as cervicals; however, they 
and other assorted postcranial remains are too small to pertain 
to the same individual to which the lower jaw belongs. 

The dorsal centra of Lesothosaurus are spool-shaped, and 
rostral members of the series are more laterally compressed and 
retain a narrow (cervical-like) ventral keel that is lost in more 
caudal centra. The centra are amphiplatyan, even though larger 
individuals have been reported to have generally amphicoelous 
centra (Santa Luca 1984). The transverse processes are stout in 
Lesothosaurus and range from dorsolateral to horizontal, espe- 
cially caudally. Parapophyses are located dorsal to the neuro- 
central suture and before the base of the transverse process; they 
migrate dorsally toward the diapophysis in the caudal portion 
of the series. The neural spines are short and roughly rectan- 
gular (Thulborn 1972), although Santa Luca (1984) noted that 
the edges of the spine diverge in some individuals, creating a 
trapezoidal profile. 

The sacrum of Lesothosaurus is composed of five sacrals bear- 
ing specialized sacral ribs and a fused sacrodorsal bearing a nor- 
mal, albeit short, rib. The broad sacral centra are spool-shaped but 
dorsoventrally compressed and have reniform articular surfaces. 
Anarrow, median keel is variably developed. The broad, horizon- 
tal transverse processes undoubtedly were extensively ligamen- 
tously bound to the sacral ribs. The neural spines are transitional 
in shape between the dorsals and caudals, ranging from trape- 
zoidal cranially to rectangular caudally (Santa Luca 1984). 

The number of caudal vertebrae cannot be estimated at pres- 
ent. The spool-shaped caudal centra become lower and more 
cylindrical in the distal part of the series. The articular surfaces 
become more circular distally. The proximal caudals bear ven- 
tral chevron facets on their distal surfaces, but hemal arches are 
absent in the distal portion of the series. The proximal caudal 
neural arches exhibit robust, rectangular spines and long, hori- 
zontal transverse processes. All of these structures become pro- 
gressively reduced along the series, so that the spines become 
low ridges (mirroring the loss of the chevrons) and the trans- 
verse processes are lost. The prezygapophyses overlap and clasp 
the postzygapophyses; as a result they appear longer than the 
postzygapophyses simply because the latter lie alongside the 
reclined neural spines. 

Ribs are two-headed except at the extreme ends of the dor- 
sal series. Changes in the position of diapophyses and para- 
pophyses reflect the structure and position of the ribs: the tuber- 
culum and capitulum approach each other in successively more 
caudal portions of the column. 

Ossified tendons (fig. 14.4), described in Lesothosaurus by 
Thulborn (1972), are found epaxially on the dorsal and caudal 
portions of the column. Tendons vary in structure from flattened 
and splay-ended to rodlike. Although subject to postmortem 
displacement, they are arranged loosely in bundles on either 
side of the neural spines of the caudal dorsal, sacral, and rostral 
caudal vertebrae. 


APPENDICULAR SKELETON 


The scapula is elongate (10%-15% longer than the humerus) 
and bowed around the rib cage, with a strongly expanded dorsal 
edge, a narrower shaft, and an expanded base where it is sutured 
to the coracoid and supports the humeral glenoid. The distal 
edge of the scapula is rugose and pitted, indicating the likely 
presence of a cartilaginous suprascapula. The proximal portion 
is expanded to form a prominent acromion, a broad sutural area 


330 DINOSAUR SYSTEMATICS 


FIGURE 14.5. Lesothosaurus diagnosticus: A, femur; B, manus in dorsal 
view. Scale =2 cm. 


for the coracoid, a notch leading to the coracoid foramen, and the 
hooklike buttress for the humeral glenoid. The coracoid is a thick, 
subrectangular plate that forms the lower half of the glenoid; it 
is pierced laterally by a discrete coracoid foramen. 

The humerus is a simple bowed bone (fig. 14.4). The humeral 
head is bulbous, centrally placed, and flanked by narrower lat- 
eral and medial shoulders. The deltopectoral crest is proximally 
positioned and projects prominently from the lateral margin of 
the shaft as an extension beneath the lateral shoulder. The dis- 
tal end of the humerus comprises rounded lateral and medial 
condyles that form a trochlear structure (Santa Luca 1984). 

The radius, which is about 70% as long as the humerus, is a 
straight bone with an oval cross section and expanded articular 
ends. Its proximal articular surface is slightly depressed and 
subcircular. Its carpal articular surface is also subcircular and 
slightly warped. The ulna is slightly longer and more robust 
than the radius, and there is no olecranon process. 

Thulborn (1972) identified two carpal bones in the forelimb 
of Lesothosaurus. In addition, he described and reconstructed 
a partial associated manus (Figure 14.5B). Further preparation 
of this material has revealed additional bones, notably meta- 
carpal V, an associated small, nubbinlike phalanx, and the re- 
mainder of digit I, all of which confirms Thulborn’s original 
assessment. The phalangeal formula of the manus has been 
reconstructed as 2-3-4-3-1 (Sereno 1991b:fig. 5B). The manus is 
short and broad, with the metacarpals forming a slightly diver- 
gent array; the bases are twisted and imbricate such that the 
medial elements overlap the more lateral elements. Metacarpal I 
is shorter and stouter than metacarpals II and III; the latter two 
are equal in length, while metacarpal IV is intermediate in length 
between metacarpal I and metacarpal II, and metacarpal V is 
short and blocklike. The distal articular surface of metacarpal I 
is trochlear and asymmetrical, with the lateral condyle more 
prominent than the medial; as a result the two phalanges of 


digit I diverge slightly from the remainder of the hand and can 
be flexed obliquely across the palm. In similar fashion digit V, 
even though foreshortened, is also twisted away from digits II-IV. 
The ungual of the first digit is pointed and flattened rather than 
strongly decurved and talonlike as in Heterodontosaurus (Santa 
Luca 1980). 

The hindlimb is gracile and much longer than the forelimb. 
The ilium is long and deep (fig. 14.6). The preacetabular process 
is laterally compressed, tapers cranially, and varies from straight 
to slightly decurved (Santa Luca 1984). The postacetabular pro- 
cess is short and deep. The dorsal margin is essentially horizon- 
tal and slightly thickened, ending at an obliquely truncated 
edge. Beneath this area the blade of the ilium sweeps cranio- 
ventrally to the ischial peduncle. The ventral surface of the 
postacetabular blade is dominated by a well-developed brevis 
shelf; this shelf is horizontal and undercuts the postacetabular 
process but is walled off medially by a thin curtain of bone that 
is supported medially by the sacral yoke. The ischial peduncle 
is flattened ventrally but forms a discrete ovoid swelling that 
projects laterally and forms a buttress at the back of the acetab- 
ulum. The acetabulum is deep and overhung by a pronounced, 
oblique supracetabular crest. The medial wall of the acetabulum 
extends ventrally as a thin sheet, so that the perforate acetabu- 
lum, which is characteristic of dinosaurs, is almost occluded. The 
pubic peduncle is triangular in section and unexpectedly large 
and robust, bearing much of the supracetabular crest that pro- 
jects obliquely cranioventrally, and is bluntly truncated distally. 
(Whether this process can be said to taper or expand distally in 
lateral profile is dependent solely on the degree of preservation 
of the acetabular margin.) Medially there are four to five facets 
for the sacral ribs; the precise positions of the more caudal facets 
are unclear probably because the sacral ribs fuse distally to form 
a sacrocostal yoke. 

In Lesothosaurus the long, rodlike pubis meets its counterpart 
ina distal symphysis. The short, deep prepubic process (fig. 14.6) 
consists of an oblique, laterally concave plate of bone rostral to 
the obturator foramen. The pubic contribution to the acetabu- 
lum is a thickened lip immediately above the obturator foramen; 
a ventral process from the acetabular margin and a dorsal pro- 
cess from the pubis enclose the latter. Opisthopuby in Pisano- 
saurus cannot be confirmed (contra Bonaparte 1976) due to the 
poorly preserved impression of the pelvis. 

The ischium is a long, curved bone lying parallel to the pubis 
(fig. 14.6). Its proximal end is expanded to form the caudo- 
ventral rim of the acetabulum. The iliac peduncle is short and 
blunt; the pubic peduncle is longer but equally blunt. The shaft 
of the ischium exhibits some torsion and is bowed cranially. The 
caudal edge bears a distinctive longitudinal groove. Thulborn 
(1972:41) identified a proximally situated obturator process that 
he illustrated and described as “a thin and sheet-like extension of 
the rostral margin.” Sereno (1986:247) denied its presence in the 
same material but referred to a form “of possible close affinity 
to Lesothosaurus” that does possess an obturator process. Sereno 
(1991b) reillustrated and described the ischium of Lesothosaurus, 
almost entirely confirming the original description by Thulborn 
but repeating the claimed that an obturator process was absent. 
However, no mention was made of other lesothosaur-like mate- 
rial (see also Thulborn 1992). No consideration was given to the 
ischium described by Santa Luca (1984), whose material was 
considered to be “referred correctly to Lesothosaurus diagnosticus” 
(Sereno 1991b:171), which exhibits a prominently crested, prox- 
imally positioned obturator process (Santa Luca 1984:fig. 18). 

In Lesothosaurus there is a prominent thin and sheetlike ex- 
tension to the craniomedial margin of the ischial shaft, rather 


FIGURE 14.6. Lesothosaurus diagnosticus, pelvis in right lateral view. 
Scale = 5 cm. 


than the discrete tab-shaped obturator process seen in derived 
ornithopods. In both Lesothosaurus and nonheterodontosaurid 
ornithopods the pubis lies lateral to the obturator process and 
presumably gained a measure of mechanical support. Although 
debatable, Thulborn’s sheetlike obturator process in Lesotho- 
saurus may be a homologue of the tab-shaped obturator process 
in more derived ornithopods. 

The femur (fig. 14.5A) is elongate and has a bowed shaft. Prox- 
imally the articular surface that formed the femoral head is 
twisted dorsomedially rather than set off from the shaft by a 
distinct neck. A warped, tapering shoulder connects the region 
of the femoral head with a small, rostrally curved ridge that 
forms the greater trochanter; the latter is separated by a deep 
cleft from the laterally flattened and vertically oriented cranial 
trochanter. On the caudomedial edge of the femoral shaft, just 
below the in-turned head, is a well-developed, pendant fourth 
trochanter. There is no extensor groove between the distal 
femoral condyles, but there is a broad, deep caudal intercon- 
dylar fossa. The medial condyle is slightly larger than the lateral. 

The tibia in Lesothosaurus is about 25% longer than the fe- 
mut. The laterally compressed, robust cnemial crest intervenes 
between the convex medial surface and the concave lateral sur- 
face. A thickened crest runs distally from the lateral condyle. 
The distal tibia is laterally expanded, and the articular surfaces 
for the proximal tarsals are characteristically step-shaped. A me- 
dial transverse, raised ridge marks the dorsal extent of the astra- 
galar articulation. Laterally a distinct ramp forms a raised step 
that separates the raised (cranially offset) lateral articular area 
from the astragalar facet. The lateral articular area has a cranio- 
lateral facet for the fibula and distally forms an attachment area 
for the calcaneum. 

The fibula in Lesothosaurus is slender and approximately equal 
in length to the tibia. The laterally compressed proximal end of 
the fibula expanded into pronounced cranial and caudal pro- 
cesses. The distal end of the shaft is flattened for attachment to 
the tibia, and its articular end abuts the calcaneum. 

In Lesothosaurus the tarsus consists of the astragalus, the 
calcaneum, and two disclike distal tarsals (Santa Luca 1984). The 
astragalus is wrapped around the transversely cylindrical distal 
surface of the medial articular surface. This contact is reinforced 
by a short, subtriangular, robust ascending process of the astra- 
galus that projects proximally onto the rostral face of the tibia 
and rises obliquely toward the intercondylar sulcus. The calca- 
neum is described as crescentic (Santa Luca 1984) but presumably 
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caps the lateral articular area of the tibia and forms a footplate 
for the distal end of the fibula. 

The tibia and fibula assigned to Pisanosaurus are elongate. 
The proximal end of the tibia is expanded rostrocaudally, there 
are two distinct caudal condylids and a prominent rostral cnemial 
crest, and the shaft is twisted axially 90° (Bonaparte 1976). Dis- 
tally the medial and lateral malleoli are distinct; however, the 
astragalar articular surface is recessed laterally to accommodate 
the stout, short ascending process, and the lateral articular area 
is narrow and caudally offset. The fibula is much more slender 
than the tibia and moderately expanded proximally but less so 
distally. The distal end of the tibia is unusually narrow rather 
than transversely flared as in all other ornithischians. The ankle 
joint is mesotarsal (contra Bonaparte 1976), and the astragalus 
has a short, blunt ascending process that is lodged in a recess 
on the rostrolateral surface of the medial articular surface. The 
calcaneum is represented by a nubbin of bone that lacks anatom- 
ical information. 

The pes is about as long as the tibia in Lesothosaurus and 
about 60% as long in Pisanosaurus. The pedal phalangeal for- 
mula was probably 2-3-4-5-0 (Thulborn 1972). In Lesothosaurus 
metatarsal I is unusual in that it is small, thin, and splintlike; its 
well-formed distal condyles are set at an angle to the remaining 
metatarsals, and it bears a slender proximal phalanx and a 
slightly decurved, pointed ungual. The other three metatarsals 
are elongate, with metatarsal III being longest (as in Pisano- 
saurus), while II and IV are subequal. In Lesothosaurus the prox- 
imal articular surfaces are flat and the phalangeal articulations 
are weakly bicondylar in metatarsal III but simply convex in meta- 
tarsals II and IV. Metatarsals II and III are laterally compressed 
proximally and closely appressed throughout most of their 
length. Metatarsal IV is transversely expanded proximally, and 
its shaft diverges from the other metatarsals. The metatarsus 
exhibits a weak transverse arch in which the plantar surface 
is concave. In Pisanosaurus the base of metatarsal II overlaps 
that of metatarsal IV. The slender, elongate phalanges have well- 
developed collateral ligament pits. The unguals are slightly de- 
curved but essentially conical with a flat plantar surface and dis- 
play clear ungual grooves laterally and medially. 


Systematics and Evolution 


Lesothosaurus was once regarded as one of the earliest represen- 
tatives of Ornithopoda and therefore a member of the so-called 
primitive stock from which all ornithischians could have been 
derived (Thulborn 1971b; Galton 1972, 1978; Chatterjee 1984). 
In this context other forms—Fabrosaurus, Scutellosaurus, Tawa- 
saurus, Alocodon, Trimucrodon, Echinodon, Technosaurus, Nano- 
saurus, and Xiaosaurus—were grouped with Lesothosaurus as 
Fabrosauridae (Galton 1978 et seq.). This latter position has also 
been advocated by Peng (1997) following the description of 
Agilisaurus (Peng 1990, 1992), an ornithopod from the Middle 
Jurassic of China; however, the characters listed by Peng (1997) 
to diagnose Fabrosauridae are ornithischian symplesiomorphies, 
except for the groove found on the dorsal edge of the ischium. 
(The latter taxon is considered further in chapter 18.) 

With the first cladistic analyses of these forms (Gauthier 
1986; Sereno 1986, 1991b), Fabrosauridae was disbanded as a 
monophyletic taxon and Lesothosaurus was identified, not as an 
ornithopod, but as the most basal of all known ornithischians. 
Other taxa, such as Scutellosaurus (chapter 15; Gauthier 1986; 
Sereno 1986) and Echinodon (chapter 18; Norman and Barrett 
2003), have been referred to higher ornithischian taxa. The ma- 
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FIGURE 14.7. Cladogram of Ornithischia, emphasizing the relationships 
of Lesothosaurus diagnosticus and Pisanosaurus mertii. 


jority of the remaining putative primitive taxa can be classified 
solely as Ornithischia incertae sedis or relegated to the status of 
nomina dubia (table 14.1). The two most important taxa that 
remain to be considered after this process of reassignment are 
Lesothosaurus diagnosticus and Pisanosaurus mertii. 

In order to evaluate the relationships of Lesothosaurus and 
Pisanosaurus within Ornithischia, outgroup comparisons were 
made successively with Genasauria and Saurischia. The possi- 
bility that the sister taxon of Ornithischia is Prosauropoda or 
Segnosauria and that in combination they constitute Phytodino- 
sauria, although repeatedly discussed (Bakker and Galton 1974; 
Bonaparte 1976; Cooper 1981a, 1985; Sereno 1984; Paul 1984a, 
1984b; Bakker 1986), has been little supported. Asa result, Sauri- 
schia is by consensus regarded as monophyletic (Gauthier 1986; 
Benton 1990a; Sereno 1997). 

Ornithischia is a well-supported monophyletic taxon, di- 
agnosed using the characters listed in the “Definition and 
Diagnosis” section above. Among taxa recognized as basal or- 
nithischians, Lesothosaurus diagnosticus is excluded from a higher 
position within Ornithischia because it retains a large external 
mandibular fenestra. It is regarded as the sister taxon to gena- 
saurian ornithischians (fig. 14.7; Gauthier 1986; Sereno 1999a). 
Lesothosaurus has been diagnosed (Sereno 1991b) using the fol- 
lowing apomorphies: a rostral premaxillary foramen, a finger- 
like process on the maxilla that overlaps the rostral lacrimal 
process, a longitudinal groove on the dorsal surface of the is- 
chial shaft, broad lateral exposure of the brevis shelf on the il- 
ium, and pedal digit I supported by a splintlike metatarsal. Leso- 
thosaurus also possesses a prominent crested obturator process 
on the ischium, and metatarsal V either was absent or strongly 
reduced. 

The position of Pisanosaurus mertii is extremely problematic. 
Originally regarded as an ornithopod, or more specifically as a 
heterodontosaurid (Casamiquela 1967b; Thulborn 1971a; Gal- 
ton 1972, 1986a; Charig and Crompton 1974; Bonaparte 1976; 
Cooper 1981a; Weishampel and Weishampel 1983; Weishampel 
1984c; Crompton and Attridge 1986), more recently it has been 
considered the most basal of all known ornithischians (Wei- 
shampel and Witmer 1990a; Sereno 1991b). The main problems 
with Pisanosaurus are its poor preservation and the loss of infor- 
mation as to how the original material was associated. That it 
is now represented by at least two individuals of different size 
and perhaps two different taxa (Sereno 1991b) makes the need 
for careful interpretation of the association of Pisanosaurus ma- 
terial obvious. 


Several ornithischian synapomorphies are found in the jaws 
of Pisanosaurus: the separation of the crown and root of the 
teeth by aneck, maximal tooth size near the middle of the tooth 
row, and the rostral portion of the coronoid process formed by 
dentary. 

Other features—pronounced buccal emargination of the 
maxillary and dentary tooth rows and the development of ex- 
tensive, apparently confluent wear facets between blades formed 
by the maxillary and dentary teeth—are seen in cerapodans. On 
the basis of the few characteristics seen in the cranial material of 
Pisanosaurus, this taxon may well be referable to Genasauria. 
The associated pelvic impression is difficult to interpret, as indi- 
cated by the subtly different interpretations of Bonaparte (1976) 
and Sereno (1991b); we regard this material as moot on the 
matter of whether it indicates a propubic or an opisthopubic 
condition. Thus, the sine qua non of Ornithischia is not known 
to be present with certainty in Pisanosaurus. Furthermore, Sereno 
(1991b) indicated that only two of the vertebral impressions, 
rather than five as originally thought (Casamiquela 1967b; 
Bonaparte 1976), are sacrals, which renders this feature irrele- 
vant as to ornithischian affinities. The lack of distal flaring of 
the associated tibia is also plesiomorphic with respect to Or- 
nithischia (and indeed Dinosauria). Likewise, the apex of the 
ascending process of the astragalus is laterally situated near 
the articulation with the calcaneum in Lesothosaurus, basal thy- 
reophorans, prosauropods, basal theropods, and basal dinosauro- 
morphs. Autapomorphies of Pisanosaurus include the recessing 
of the tibia to receive the ascending process of the astragalus. 

Given these features, we suggest the following. If the jaws, 
the ambiguous pelvic impression, the tibia, and the proximal 
tarsals are considered to belong to one individual, then the most 
parsimonious character distribution places it as a genasaur. The 
narrowness of the distal tibia and the position of the ascending 
process of the astragalus would thus represent apomorphies 
of this taxon. An ornithopod position is consistent with earlier 
claims that Pisanosaurus is a heterodontosaurid. If, however, we 
treat the elements individually, the jaw material can be referred 
without question to Cerapoda. On the other hand, the hind- 
limb elements suggest an animal of nondinosaurian affinity. 
Clearly, we need better-preserved material referable to P. mertii 
before a resolution of its systematic position can be achieved. 

Chatterjee (1984) referred Technosaurus smalli to Fabro- 
sauridae, a taxon that has now been abandoned as paraphyletic. 
Technosaurus is a chimaera of prosauropod and ornithischian 
material (Sereno 1991b). A section of dentary (fig. 14.2C) bears 
emarginated and triangular teeth covered with an even layer of 
enamel; crowns imbricate, tooth size increases toward the cau- 
dal of the row, and the crowns are separated from the roots by a 
distinct neck. These are plesiomorphic ornithischian charac- 
ters. Based on these characters, the dentary of Technosaurus 
is ornithischian, but its position within the clade cannot be 
resolved. 

Several other taxa thought to be primitive ornithischians 
have also been erected. One of these, Fabrosaurus australis, is 
based on a dentary with three in situ teeth (Ginsburg 1964). 
Thulborn (1970a, 1972) referred additional material to F. aus- 
tralis, but Galton (1978) noted that these specimens were dis- 
tinct from Ginsburg’s original dentary and erected Lesotho- 
saurus diagnosticus on their basis. In his study of Lesothosaurus 
Sereno (1991b) concluded that Fabrosaurus has no autapomor- 
phies and should be regarded as Ornithischia indet. and a nomen 
dubium (see also Charig and Crompton 1974). In striking con- 
trast, Thulborn (1992) argued that F. australis possesses a num- 
ber of unique features (all relating to dental morphology) and 


that material referred to Lesothosaurus diagnosticus must be rel- 
egated in nomenclature as a junior subjective synonym of the 
former. However, the features used to diagnose F. australis are 
not particularly compelling. Consequently, it is here considered 
to be anomen dubium. 

A large number of taxa thought to be basal ornithischians 
have been established on the basis of isolated teeth. These in- 
clude Alocodon kuehnei, Trimucrodon cuneatus, Nanosaurus agilis, 
Xiaosaurus dashanpensis, Tawasaurus minor, Revueltosaurus callen- 
deri, Galtonia gibbidens, Pekinosaurus olseni, Tecovasaurus murryi, 
and Lucianosaurus wildi (Thulborn 1973a; Galton 1978; Young 
1982a; Dong and Tang 1983; Hunt 1989; Hunt and Lucas 1994). 
Some of these species have one or a few ornithischian apo- 
morphies, thus bringing them into the clade, but otherwise 
lack additional features that would place them more precisely 
within the clade. Some teeth have sufficient peculiarity to 
their crown shape to offer potential autapomorphic features 
(A. kuehnei, T. cuneatus, possibly N. agilis), but reevaluation of 
their status must wait for new and better-preserved material. 
Others, such as those belonging to X. dashanpensis and R. cal- 
lenderi, do not. The former have been considered Ornithischia 
incertae sedis and the latter Ornithischia indet. as nomina dubia 
(Weishampel and Witmer 1990a; Sereno 1991b). G. gibbidens is 
diagnosed with reference to F. australis, but the former is based 
on a premaxillary tooth, and premaxillary teeth are unknown 
in the latter. All that can be said at this point is that Galtonia 
is Ornithischia indet. as a nomen dubium. Similarly, P. olseni, 
T. murryi, and L. wildi are considered Ornithischia indet. as nom- 
ina dubia because they possess ornithischian synapomorphies 
but lack individual autapomorphies. Finally, T: minor is not an 
ornithischian at all but referable to Prosauropoda indet. (Sereno 
1991b). 


Paleoecology and Biology 


The fossil record of Lesothosaurus diagnosticus is limited to the 
Early Jurassic of South Africa. If we regard Pisanosaurus mertii and 
Technosaurus smalli as basal ornithischians, then the distribu- 
tion of these forms extends from the Late Triassic through the 
Early Jurassic and includes not only southern Africa but also 
southern South America and western North America. Unfortu- 
nately, it is difficult to assess the probable source area for Or- 
nithischia on the basis of these data. Even in comparison with 
the primitive distribution of Thyreophora (unresolved), Cer- 
apoda (possibly Asia), and Saurischia (South America? Africa?), 
resolution of all of these geographic distributions does not yield 
a single, unambiguous region of the world as an ornithischian 
source area, even at the continental level. 

Because of the rarity of fossils and the often imperfect na- 
ture of the material referred to Lesothosaurus, Pisanosaurus, and 
Technosaurus, little can be said about their paleoecology. Local 
environments from which these animals derive represent chiefly 
semiarid habitats. As herbivores, Lesothosaurus, Pisanosaurus, 
and Technosaurus may have been active foragers of ground cover 
and shrubby vegetation. 

A keratinous rhamphotheca was present in Lesothosaurus and 
probably covered the entire surface of the predentary. Its oc- 
clusal margin is pointed at the tip and sharp-edged distally, not 
unlike the stocky lower beak of a nut-eating bird (seen in some 
species of finch). By contrast, the premaxilla is largely dentiger- 
ous and has a restricted keratinous beak on the tip of the upper 
jaw (fig. 14.1). Itis unclear whether the upper rhamphotheca ex- 
tended distally so as to envelope some or all of the premaxillary 
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teeth or whether the keratinous and dentigerous portions were 
functionally separated. There is no modern functional analogue 
for the composite keratinous, tooth-lined beak, and thus its 
operation is enigmatic. No wear facets have been identified on 
lesothosaur premaxillary teeth; it may well be that the pre- 
maxillary teeth were embedded in, and provided mechanical 
support for, the keratinous sheath of the upper beak. 

Norman and Weishampel (1991) suggested that Lesothosaurus 
may have used its narrow, pointed beak (fig. 14.1) to feed selec- 
tively on soft, less fibrous plant material (fruiting bodies, shoots), 
which was more easily processed and assimilated than the more 
heavily lignified parts of plants. Barrett (2000a) has argued that 
some dinosaurian herbivores (basal ornithischians and saur- 
opodomorphs) exhibit dental morphologies that strongly re- 
semble those seen in living reptiles (e.g., iguanines) that are 
omnivorous rather than exclusively herbivorous. An omnivo- 
rous diet, which offers greater feeding flexibility, may well have 
been appropriate for small, highly energetic (active, fast-running) 
forms such as Lesothosaurus. 

Thulborn (1971a) and Weishampel (1984a) have suggested 
that Lesothosaurus, like other primitive ornithischians, relied 
on simple adduction of the lower jaws to produce a vertical or 
near-vertical tooth-tooth shearing motion between bilaterally 
occluding maxillary and dentary teeth. In contrast, Crompton 
and Attridge (1986) and Sereno (1991b, 1997, 1999a) have de- 
scribed longitudinal lower-jaw rotation (controlled passively 
by the predentary-dentary articulation) as an important com- 
ponent of lesothosaur jaw action. This alternative mechanism is 
not corroborated by the structure of wear facets in the dentition, 
which are uniformly high-angle and planar (Barrett 1998). 
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Based on limb and trunk proportions and the general gracile 
nature of their skeleton (fig. 14.4), lesothosaurs (and possibly 
the other taxa under consideration here) were probably agile, 
cursorial bipeds (Coombs 1978a; Thulborn 1982). A quadru- 
pedal stance was probably only relevant during foraging or 
when standing still. In Lesothosaurus the forelimbs are short and 
the distal portions of the forelimb are reduced. It is clear from its 
general structure (fig. 14.6B) that the manus was multifunctional: 
the bases of the metacarpals imbricate and could therefore be 
collapsed to allow the digits to be bunched together for use in 
simple scooping or grasping movements. Such functions may 
have been aided by the fact that the first digit may have been 
capable of being partially opposed to the palm. Alternatively the 
digits could be spread widely if the manus were placed palm out- 
ward or downward (on the ground) for temporary support. The 
reduction of the fifth digit to form a short, oblique, perhaps prop- 
like digit may well indicate that hand-mediated body support 
was an important component of the lifestyle (possibly associ- 
ated with a specialist browsing feeding regime hinted at above). 

The femur (fig. 14.6A) was probably held in a slightly ab- 
ducted position to facilitate a parasagittal gait despite the pres- 
ence of a bulky ventral, midline gut (Norman and Weishampel 
1991). Lever-arm mechanics suggest that femoral retraction, 
mediated by iliac and caudal musculature, was both powerful 
and fast. The attitude of the dorsal, sacral, and proximal caudal 
axial skeleton was largely horizontal, dorsally arched, and ten- 
sioned by the epaxial ossified tendons. In contrast, the cervical 
vertebrae were more flexibly articulated and capable of adopting 
a sinuous curve; the distal caudals may also have been highly 
flexible to assist balance. 
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Dinosaurs that bear prominent and/or extensive dorsal armor 
on the body are known as thyreophorans. They are best repre- 
sented by ankylosaurs and stegosaurs, but several more basal 
forms can also be included in this group. These include Scelido- 
saurus Owen, 1861a, from England, Emausaurus Haubold, 1990, 
from Germany, and Scutellosaurus Colbert, 1981, from the south- 
western United States, all known from the Early Jurassic. Scelido- 
saurus also has the singular distinction of being the first reason- 
ably complete, well-preserved dinosaur ever to be discovered 
and described (Norman 2000). 

Thyreophora is the name applied to the stem clade repre- 
senting all taxa more closely related to Ankylosaurus than to 
Triceratops (Sereno 1999a). Its sister clade is the stem clade first 
named Cerapoda (Sereno 1986) and subsequently renamed 
Neornithischia (Sereno 1997, 1999a). Unfortunately, nomen- 
clatural confusion is generated as a by-product of recent system- 
atic revisions. Neornithischia was originally coined by Cooper 
(1985) following his systematic revision of the clade as a rank 
of ornithischians that included Thyreophora (sensu lato) + 
heterodontosaurids + pachycephalosaurs + ceratopsians. In 
this respect retaining the name Cerapoda for the stem clade that 
includes Ornithopoda + Marginocephalia is preferable for rea- 
sons of consistency and stability. Together Thyreophora and 
Cerapoda are united as Genasauria (Sereno 1986). 

Basal thyreophorans (table 15.1) are considered to fall out- 
side the clade comprising Ankylosauria + Stegosauria. Scelido- 
saurus, Scutellosaurus, and Emausaurus may have had a regular 
arrangement of dermal armor on their backs and were either 
partial or obligate quadrupeds. All were herbivorous and ranged 
from one to four meters in total length; they arise in serial fash- 
ion along the stem lineage leading to Eurypoda (Ankylosauria + 
Stegosauria). Consequently, definitions and diagnoses for the 
major clades that successively include each of these forms within 
the basal nexus of Thyreophora are deferred to the “Systematics 
and Evolution” section. 


Anatomy 


Skull and Lower Jaw 


The skull of Scelidosaurus is moderately well known (fig. 15.1A, 
B), having originally been described and illustrated by Owen 


(1861a, 1863). Emausaurus (fig. 15.2) is known principally from 
a well-preserved skull (Haubold 1990), while the skull of Scutello- 
saurus (fig. 15.1C, D) is based on only a few parts of the skull 
(Colbert 1981). 

Caudally the skull of both Scelidosaurus and Emausaurus is 
elevated but boxlike; the rostrum tapers, producing a wedge- 
like lateral profile (fig. 15.1A). In dorsal view the skull is widest 
across the orbitojugal region, from which it tapers gently ros- 
trally (fig. 15.1B). The skull proportions of Scutellosaurus cannot 
be characterized. 

The premaxilla of both Emausaurus (fig. 15.2B) and Scelido- 
saurus (Norman, in prep.) houses five simple, slightly recurved 
teeth. In Scutellosaurus the premaxilla contains six alveoli, in 
which only the tips of replacement crowns are preserved. These 
are simple, conical, and laterally compressed; no recurvature 
was reported by Colbert (1981). The caudolateral process of 
the premaxilla in Emausaurus (fig. 15.2B) is short and does not 
cover the contact between the nasal and the maxilla directly 
rostral to the lacrimal; the premaxilla is long and tapering in 
Scelidosaurus (Carpenter 2001a). A prominent foramen is shown 
at the base of the medial rostral process of the premaxilla just 
within the margin of the external naris in Scutellosaurus (Col- 
bert 1981). 

The maxilla of all three species is approximately triangular 
in lateral view; it may have been longer and lower in Scutello- 
saurus, but this bone is damaged, so its outlines are obscure (fig. 
15.1C); the rostral two-thirds of the external surface is shallowly 
excavated to form the antorbital fossa. Fortunately, in both 
Emausaurus and Scelidosaurus the antorbital fossa is far better 
preserved; in both, it is roughly oval in outline and of modest 
size, though that of Emausaurus is considerably more extensive 
on the side of the snout than is that of Scelidosaurus. A small, 
internal antorbital fenestra is found caudally within the fossa in 
Emausaurus. An overhanging maxillary shelf projects lateral to 
the tooth row in Scelidosaurus and Emausaurus and to a lesser 
degree in Scutellosaurus. In Scutellosaurus the medial maxillary 
surface is well rounded. Dorsally the maxilla makes a long, butt- 
jointed contact with the nasal in Emausaurus. There are at least 
10 maxillary tooth positions in Scutellosaurus, 21 in Emausaurus, 
and more than 19 in Scelidosaurus. 

The nasal of Scelidosaurus and Emausaurus is a long, taper- 
ing plate (widest caudally) that arches across each dorsal quad- 
rant of the snout. The nasal-maxillary suture in these taxa is 
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TABLE 15.1 


Basal Thyreophora 
Occurrence Age Material 
Thyreophora Nopcsa, 1915 
Scutellosaurus Colbert, 1981 
S. lawleri Colbert, 1981 Kayenta Formation Hettangian or Fragmentary skull and skeleton 
(Arizona), United States Sinemurian from at least 2 individuals 
Emausaurus Haubold, 1991 
E. ernsti Haubold, 1991 Unnamed unit early Toarcian Nearly complete skull with 
(Mecklenberg), Germany associated postcrania 
Scelidosaurus Owen, 1860 
S. harrisonii Owen, 186la Lower Lias (Dorset), late Sinemurian Nearly complete skull with 
England associated postcrania, 
articulated postcranial 
skeleton, partial skull and 
associated postcrania, 
juvenile and adult 
?Thyreophora incertae sedis 
Tatisaurus Simmons, 1965 
T. oehleri Simmons, 1965 (= Scelidosaurus Dark Red Beds of the Lower ?Sinemurian or _—_ Isolated dentary 
oehleri [Simmons, 1965]) Lufeng Series (Yunnan), Hettangian- 


People’s Republic of China Pliensbachian 
Bienosaurus Dong, 2001 
B. lufengensis Dong, 2001 Dark Red Beds of the Lower ?Sinemurian or Dentary with teeth 
Lufeng Series (Yunnan), Hettangian- 
People’s Republic of China Pliensbachian 


Nomina dubia Material 


Lusitanosaurus liasicus Lapparent et Zbyszewski, 1957 Skull fragment 


+3 


FIGURE 15.1. A, B, Scelidosaurus harrisonii, skull in A, right lateral, and B, dorsal views. C, D, Scutellosaurus lawleri: C, medial view of 
right maxilla; D, medial view of left dentary. Scale = 2 cm. (C, D, from Colbert 1981.) 


FIGURE 15.2. Skull and lower jaw of Emausaurus ernsti: A, B, skull in A, dorsal, and B, lateral views; 
C, D, lower jaw in C, lateral, and D, medial views. Scale = 10 cm. (After Haubold 1990.) 


continuous with that between the prefrontal and the lacrimal. 
The lacrimal makes up the majority of the rostral margin of the 
orbit. The prefrontal contacts the frontal medially and the nasal 
rostrally, and the supraorbital is sutured firmly to the prefrontal 
along the orbital margin forming much of the dorsal orbital 
roof. In Emausaurus the supraorbital is large and occupies a 
chordlike position in the upper part of the orbit, partially en- 
closing a slit-shaped opening bounded by the frontal and the 
postorbital (fig. 15.2A). 

The postorbital and the jugal form a transversely thickened 
caudal orbital bar between the orbit and the infratemporal fen- 
estra. The jugal is long and tapers rostrally where it overlaps 
the maxilla and is in turn overstepped by the lower end of the 


lacrimal. The remainder of the body of the jugal is essentially 
Y-shaped, with the upper part curving to meet the postorbital 
and developing a deep recess on its orbital surface for this tight 
scarf suture. In both Emausaurus and Scelidosaurus the lower part 
of the jugal extends to contact the quadratojugal using two 
fingerlike processes that overlap the external surface of the 
quadratojugal. The L-shaped quadratojugal partially overlaps 
the quadrate in lateral view in Scelidosaurus, and a similar ar- 
rangement is found in Emausaurus. The quadrate is pillarlike and 
slightly concave along its caudal edge. In Scelidosaurus, where 
this element is well preserved, the outer edge of the quadrate is 
expanded into a thickened but short jugal ramus that is directed 
toward the jugal arch. The leading edge of this ramus is strongly 


BASAL THYREOPHORA 337 


etched for attachment along its entire length to the quadrato- 
jugal; just below the midheight of this ramus a discrete notch 
representing a quadrate (paraquadratic) foramen is enclosed 
rostrally by the quadratojugal. The medial (pterygoid) ramus is 
more extensive than the jugal ramus and medially concave; in 
addition, there is pronounced scarring along the upper and 
lower edges of its medial surface for attachment of the overlying 
ramus of the pterygoid. The quadrate head is capped by the 
squamosal, which is hollowed out ventrally to form a cotylus 
rostral to which there is a fingerlike process that locks against 
the upper part of the jugal ramus of the quadrate. The broad, 
well developed, slightly trochlear condyle for the lower jaw lies 
ventral to the level of the maxillary tooth row. 

The frontoparietal suture is interdigitate throughout its 
length in Scelidosaurus, but this region is not well preserved in 
Emausaurus and is not known in Scutellosaurus. In Scutellosaurus 
the dorsal surface of the thin, triangular frontal is flat, while 
ventrally it is excavated to accommodate the cerebrum and the 
long olfactory tracts. The frontal-postorbital contact is a scarf 
joint. The frontal contributes to the dorsal margin of the orbit. 
The parietals of Scelidosaurus are fused into a single plate that is 
shaped like an hourglass in dorsal view, and there is a broad 
sagittal ridge between the supratemporal fenestrae. The squa- 
mosal forms the slender caudal and lateral boundaries of a 
nearly circular supratemporal fenestra. The occipital margin of 
the skull is notched to expose the occipital plate in dorsal view. 

The floor of the braincase, which has been partially described 
in Emausaurus (Haubold 1990), comprises two hemicylindrical 
elements: the basioccipital and the basisphenoid. The former 
supports a broad, dorsoventrally convex occipital condyle, and 
the exoccipitals (not preserved, but represented by sutural sur- 
faces) probably contributed to the dorsolateral corners of the 
condyle. Rostrally the sides of the basioccipital are uniformly 
concave and then expand to support the suture with the basi- 
sphenoid and the adjacent expansion for the basal tubera. The 
basisphenoid is an irregular block of bone that is generally rec- 
ognizable as such but offers little detailed anatomy. It is pierced 
dorsally by the pituitary fossa and laterally by the carotid canal 
that runs diagonally through the external wall of the basi- 
sphenoid and enters the caudal wall of the pituitary fossa on 
either side of the midline. 

The palate of Scelidosaurus has been illustrated only in cross 
section (Owen 1861a). In fact the entire palate is well preserved 
in Scelidosaurus and has been exposed following extensive labo- 
ratory preparation (Norman, in prep.). The vomers form long 
triangular plates that are fused in the ventral midline and sub- 
divide the nasal cavity. They extend backward to the level of the 
orbital cavity, where they meet and articulate with the thin 
rostral plates of the pterygoids. The latter form complex plates 
linking the quadrate with the forward part of the skull (palate, 
braincase, and upper jaw) via the palatines, the ectopterygoids, 
and the basipterygoid articulation. 

In Scutellosaurus the lower jaw is straight and slender and ta- 
pers rostrally (fig. 15.1D). It has indications of a low coronoid 
eminence, and the ramus expands lateral to the tooth sockets to 
form a distinct recess; this morphology is similar to that of 
Emausautus (fig. 15.2C, D) and to a lesser degree to that of Scelido- 
saurus. No predentary is known in any of the taxa under con- 
sideration, and there is certainly little space for such a bone in 
the distal end of the dentary of Scelidosaurus. The dentary sym- 
physis has rugose articular surfaces that are inclined rostrally 
(Haubold 1990). The dorsal and ventral margins of the dentary 
of Scelidosaurus (fig. 15.1A) converge rostrally over the course of 
the first six or so tooth positions to create a slightly sinuous pro- 
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FIGURE 15.3. Teeth of Emausaurus ernsti: A, premaxillary tooth in lin- 
gual, distal, and buccal views; B, maxillary tooth in lingual, distal, and 
buccal views. Scale = 2 mm. (From Haubold 1990.) 


file, a feature that is also discernible in Emausaurus. There are as 
many as 18 tooth positions in Scutellosaurus, 21 in Emausaurus, 
and more than 17 in Scelidosaurus. Scelidosaurus lacks an exter- 
nal fenestra on the lower jaw (but this area is obscured by a dis- 
crete dermal ossification), while Emausaurus has a large fenestra 
in this region; the lower jaw of Scutellosaurus is not sufficiently 
well preserved for determination. The surangular is large, form- 
ing the majority of the coronoid eminence, and projects cau- 
dally to support the retroarticular process. In both Emausaurus 
and Scelidosaurus the surangular is marked by a horizontal ledge 
that extends forward horizontally from the rostral border of the 
glenoid, and in this area there is a well-marked surangular fora- 
men. The wedge-shaped angular forms the ventral part of the 
caudal half of the lower jaw. The splenial is a narrow splinter 
of bone on the ventral margin of the lower jaw. A full comple- 
ment of postdentary bones is preserved in newly prepared ma- 
terial of Scelidosaurus (Norman, in prep.). 

Premaxillary tooth morphology is simple, with simple, lat- 
erally compressed, conical crowns in Scutellosaurus. In Emau- 
saurus these teeth are small, slightly spatulate, and symmetrical 
(fig. 15.3A), while in Scelidosaurus they have cylindrical roots 
that taper slightly as they merge with the crowns, which have 
swollen bases tapering to a recurved, laterally compressed tip. 
The mesial and distal edges of the more distal crowns are orna- 
mented by small denticles, and the overall tooth form converges 
on that seen in maxillary teeth. The maxillary and dentary 
tooth crowns in all taxa have cylindrical roots that taper to meet 
the swollen, mesiodistally expanded crown base (fig. 15.3B); the 
region of the tooth crudely approximates to a cingulum. Above 
the crown base the crown is laterally compressed and tapers to 
the apex, while the mesial and distal edges also converge and 
bear distinct but simple denticles. The apex of the tooth stands 


above a thickened eminence that divides the lingual and labial 
faces of the smooth crown into roughly equal mesial and dis- 
tal regions. The crown edges each bear four to six denticles in 
Scutellosaurus and Emausaurus (fig. 15.3B) and six to nine in Scelido- 
saurus; these decrease in prominence toward the apex of the 
crown. The lowermost denticles on each edge of the crown coa- 
lesce at the midline to form the cingulum. In all taxa the enamel 
is distributed equally on the labial and lingual faces of the 
crown. Adjacent teeth in the undisturbed jaw touch each other 
and in some instances (Scelidosaurus) exhibit a degree of notch- 
ing caused by abrasion between teeth during growth and feeding 
movements. Roots are long, essentially cylindrical, and aligned 
with the crown. 


Postcranial Skeleton 


AXIAL SKELETON 


The vertebral count of Scelidosaurus as preserved is 6 cervicals, 
17 dorsals, 4 sacrals, and 35 caudals (fig. 15.4A). Owen (1863) 
suspected that one or two cervicals were missing. The vertebral 
column of Scutellosaurus consists of 24 presacral, 5 sacral, and 
about 60 caudal vertebrae (fig. 15.4B). Of the presacrals there are 
6 or 7 cervicals (including the atlas and axis), 17 or 18 dorsals, 
and 5 sacrals. The neurocentral sutures are open in the presacral 
series but closed in the tail. All the vertebrae are amphiplatyan. 
Although the specimens are disarticulated, Colbert (1981) 
arranged the vertebrae in sequence, presumably based on size 
and the regional differentiation observed in other species. The 
vertebral column, as well as the remainder of the postcranial 
skeleton, is poorly known in Emausaurus. 

In Scutellosaurus the cervical centra exhibit deep lateral ex- 
cavations and a medial ventral keel that becomes smaller as the 
dorsal series is approached, and the articular faces of each cen- 
trum narrow ventrally. The cervical neural arches are poorly 
known. The length of the cervical centra is as great or greater 
than their diameter. The transverse processes are dorsoventrally 
compressed and project laterally to slightly caudally in the cer- 
vicals and the cranial dorsals. Parapophyses are not apparent on 
the cervical centra. 

In Scutellosaurus and Scelidosaurus the dorsal centra are less 
constricted and more spool-shaped, lack ventral keels, and 
bear longitudinal striations. Their articular surfaces are round. 
In Scutellosaurus the neural spines are poorly known but expand 
dorsally to form a short but axially expanded blade. The trans- 
verse processes are less robust on the cranial dorsals but become 
broader and/or stouter toward the sacrum. This broadening 
reflects the migration of the parapophysis from the base of 
the transverse process in the cranial dorsals to a position on the 
transverse process near the diapophysis farther back along 
the series. The diapophysis becomes progressively smaller as 
the parapophysis approaches it, until in the last dorsals all that 
remains is a single conjoined facet. In Scelidosaurus the trans- 
verse processes of the cranial dorsals bear a diapophysis distally, 
while the parapophyses are on the flanks of the neural arch pedi- 
cles. The parapophyses gradually shift dorsally to the underside 
of the transverse processes along the dorsal series. The last three 
dorsals have only the conjoined rib facet at the tips of their 
transverse processes; the last dorsal does not bear a rib. The neu- 
ral spines are broad, compressed plates (in lateral aspect), short, 
and squared off. 

In Scutellosaurus the sacral centra are broader than long with 
crescentic articular faces and smooth ventral surfaces. The trans- 


verse processes are broad. The postzygapophyses are small, 
almost vertical, and close together. In Scelidosaurus the neural 
spines of the sacral series are in direct contact but do not exhibit 
any tendency to fuse with one another. 

In Scutellosaurus the tail is about 2.5 times the presacral 
length as a consequence of the large number of elongate verte- 
brae. Individual vertebrae of the proximal two-thirds of the cau- 
dal series are longer than the presacral vertebrae. The proximal 
caudal centra are broad, and the distal caudals become narrower. 
Chevron facets are found in the proximal three-fifths of the se- 
ries. The neural arches are fused to the centra throughout the 
tail. The thin, distally inclined neural spines, found in the prox- 
imal three-quarters of the series, become progressively smaller 
distally. The transverse processes are large in the most proximal 
caudals but become smaller distally and are absent in the distal 
two-thirds of the tail. The zygapophyses are small and close to- 
gether. In Scelidosaurus the caudal series is short. The transverse 
processes are inclined 15°-20° in the caudal dorsals, and the 
distal caudals are comparatively long and slender. 

In Scutellosaurus and Scelidosaurus the presacral ribs reflect 
the serial changes noted above for the vertebrae: the capitulum 
and the tuberculum are widely separated in the cranial dorsals 
and become closer together in the caudal dorsals. As noted, in 
the last few dorsal vertebrae the diapophysis and parapophysis 
are fused; consequently several ribs are single-headed. In Scelido- 
saurus the four sacral ribs are stout, long, and expanded at either 
end. They are sutured to their transverse processes and to the 
lateral surfaces of intercentral region, and they are progressively 
shorter from cranial to caudal; each projects horizontally and 
expands distally, but adjacent sacral ribs do not contact or suture 
with each other to form a sacral yoke. 

The bladelike, laterally compressed chevrons are inter- 
vertebral at least to caudal 28 in Scelidosaurus and to caudal 30 
in Scutellosaurus. 

Colbert (1981) identified a few fragments of Scutellosaurus as 
possible ossified tendons. Substantial numbers of ossified ten- 
dons are preserved across the dorsal, sacral, and proximal caudal 
series in both juvenile and adult Scelidosaurus. 


APPENDICULAR SKELETON 


In Scutellosaurus the scapular shaft is broad in lateral aspect and 
bowed to reflect the curvature of the dorsal rib cage. The ex- 
panded proximal end supports a portion of the glenoid; its 
articular surface is reniform and oriented approximately per- 
pendicularly to the long axis of the scapular blade. In addition, 
there is a truncated acromial ridge and, between these two areas, 
a broad, lateral depression. The articulation between scapula 
and coracoid is sinuous. The coracoid, which is roughly dish- 
shaped in lateral view, is pierced by a coracoid foramen near the 
scapular suture. The glenoid portion of the coracoid is round. In 
Scelidosaurus, by contrast, the scapular blade is narrower with a 
pronounced expansion proximally and a mild expansion of the 
blade distally. The coracoid is a subcircular disc in lateral view. 

In Scelidosaurus the humerus is slightly bowed and moder- 
ately thick and has a large deltopectoral crest extending almost 
to its midlength. In contrast, the humerus of Scutellosaurus is 
slender and slightly bowed laterally, and the triangular delto- 
pectoral crest is proximally situated. In addition, the proximal 
end is expanded transversely and rounded. A small head lies just 
lateral to a medial tuberosity. The distal end is in approximately 
the same plane as the proximal. The radial and ulnar condyles 
are similar in size, and the olecranon fossa is slightly deeper 
than the cubital fossa. 
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FIGURE 15.4. Skeletal reconstructions of A, Scelidosaurus harrisonii with dermal armor, and B, Scutellosaurus lawleri. Scale = 50 cm. (A from Paul 


1987b; B from Colbert 1981.) 


The radius and ulna are incompletely known in Scutello- 
saurus, and the length of the antebrachium cannot be esti- 
mated. Both bones are straight and cylindrical. The ulna lacks a 
well-developed olecranon. The distal ends of the bones, simple 
rounded articulations, are about the same size. Proximal frag- 
ments of the radius and ulna are preserved, but the carpus and 
manus are unknown in Scelidosaurus. In Scutellosaurus the car- 
pus is similarly unknown, and just a few metacarpal fragments 
and several phalanges represent the manus. The unguals are 
small, pointed claws. Although incomplete, the hand has been 
described as being moderately large (Colbert 1981). 

The pelvic girdle and femur of Scelidosaurus are well known 
(but incorrectly illustrated) from a partial skeleton identified 
as a juvenile (fig. 15.5B; Rixon 1968; Charig 1972). The post- 
acetabular process of the restored ilium of Scutellosaurus (Colbert 
1981) is shown as laterally compressed, long, and near-vertical, 
and there is indication of a narrow brevis shelf ventrally. The 
preacetabular process is dorsoventrally compressed, resembling 
the condition in Scelidosaurus, in which the entire ilium (Charig 
1972) has a deep, slightly inclined postacetabular process, no 
indication of a brevis shelf, and a long, markedly dorsoventrally 
compressed preacetabular process that swings laterally toward 
its distal end. In Scutellosaurus the dorsal margin of the ilium 
is thickened along its length and slightly overhangs the pre- 
acetabular process (fig. 15.5A). The pubic peduncle is prominent, 
triangular in cross section, and inclined cranially. The ischial pe- 
duncle in Scelidosaurus is smaller and forms a convex pad im- 
mediately behind the acetabulum. Colbert (1981) described but 
did not illustrate a supracetabular flange in Scutellosaurus, anda 
similar prominent flange is also found in Scelidosaurus. 

In both Scelidosaurus and Scutellosaurus the rodlike ischium 
extends caudoventrally below the ilium and is bifurcated proxi- 
mally into subequal iliac and pubic peduncles. These two forms 
have neither an ischial flange partially occluding the acetabu- 
lum (found in eurypodans) nor an obturator process on the 
ischium. The distal ends of the ischia expand into stout, blade- 
like structures. 

The pubis is an elongate slender rod that extends the entire 
length of the ischium in Scelidosaurus, and it has been similarly 
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FIGURE 15.5. A, B, pelvic girdles of A, Scutellosaurus lawleri, and B, Scelido- 
saurus harrisonii. C, D, hindlimbs of C, Scelidosaurus harrisonii, and 

D, Scutellosaurus lawleri. Scale = 10 cm (A), 5 cm (B), 20 cm (C, D). 

(A after Colbert 1981; B after Charig 1972; C after Owen 1863; D from 
Colbert 1981.) 


reconstructed in Scutellosaurus. The distal end of the pubic shaft 
curves away from the ischium in Scutellosaurus. In Scelidosaurus 
the prepubic process is short, blunt, and laterally twisted. The 
obturator foramen is a notch that is closed caudally by the artic- 
ulation of the ischium. 

The femur is slightly bowed in both Scelidosaurus and Scutello- 
saurus (fig. 15.5C, D). The medially displaced head is set off from 
the shaft by a slight neck in Scutellosaurus but not in Scelido- 
saurus. The greater trochanter is at the same level as the head and 
continuous with it. The cranial trochanter is prominent and 


well separated from the greater trochanter by a deep notch. The 
large, pendant fourth trochanter arises from the proximal half 
of the shaft; its distal tip is positioned at about femoral mid- 
length in both Scutellosaurus and Scelidosaurus (Charig 1972; 
Colbert 1981). The distal condyles are well developed and lie 
at about the same horizontal level. The medial femoral condyle 
is slightly larger and stouter than the lateral even though the 
lateral condyle bears a fibular ridge on its external edge. There is 
a distinct medial supracondylar ridge. The cranial intercondylar 
groove is absent, but caudally there is a deep, broad recess be- 
tween the flexural buttresses for the knee joint. 

The tibia of Scutellosaurus is slightly longer than the femur, 
the reverse of the proportions in Scelidosaurus. The expansion of 
the proximal end results from the considerable development of 
the cnemial crest. Despite this direction of expansion, the prox- 
imal end is also transversely broad. The lateral tibial condyle is 
much smaller than the medial condyle and bears part of the 
fibular articulation. The medial border of the shaft is sharp dis- 
tally. The distal end of the tibia is twisted about 70° from the 
proximal end. The medial margin of the distal tibia is larger than 
the lateral and projects farther distally. The fibula is a long, slen- 
der bone that expands proximally. 

Scelidosaurus has a large astragalus and a smaller calcaneum, 
which cap the distal ends of the tibia and fibula, respectively, 
and two distal tarsals. Except for the astragalus, the tarsus of 
Scutellosaurus is poorly known. The astragalus bears a low but 
well-developed ascending process; its apex is situated close to 
the medial border. 

In Scutellosaurus the metatarsals are moderately long. Proxi- 
mally they are closely appressed, metatarsals H-IV forming a 
curved row. Distally the metatarsals apparently diverged slightly. 
A deep median pit near the heads of the proximal phalanges 
receives a process from the second phalanges and suggests 
considerable extension at this joint. The unguals are clawlike 
and pointed, with deep lateral claw grooves. The phalangeal for- 
mula of Scutellosaurus is unknown. Scelidosaurus has four robust 
metatarsals and a vestigial metatarsal V; the phalanges are also 
short and have pulleylike articular surfaces. The unguals are 
blunt rather than pointed, medially twisted along their length, 
and bear only discrete claw grooves on their medial edges. The 
pedal digital formula of Scelidosaurus is 2-3-4-5-0. 


ARMOR 


The dermal armor of Scelidosaurus includes numerous roughly 
oval plates that have an outer median longitudinal ridge or keel. 
In front of its apex the ridge is long, upwardly convex, and 
obliquely slanted, whereas behind the apex it is shorter, straighter, 
and more vertically oriented. Larger plates are excavated on 
their internal surfaces. There are also numerous smaller plates, 
some with keels and some merely small nubbins. Jn situ plates 
indicate a pair of unique three-pointed plates just caudal to the 
skull on either side of the midline; ligaments attach these to 
the postzygapophyses of the axis vertebra. Immediately behind 
each triradiate element is a longitudinal row of plates running 
adjacent to the midline and extending to the sacral region; at 
least two additional longitudinal rows of plates lie over the 
flanks of the animal. Four longitudinal rows of plates—median 
dorsal, median ventral, and lateral rows—have been identified 
running down the tail (fig. 15.4A; Owen 1863). Padian (1989) 
identified Scelidosaurus sp. on the basis of a few cap-shaped der- 
mal ossicles in the Kayenta Formation of northern Arizona; he 
claimed that these were “flatter and differently sculptured” than 
those of Scutellosaurus, an approximately coeval form (Padian 


1989:440). Given the range and variability of the scutes of Scutel- 
losaurus described by Colbert (1981), this feature is an insuffi- 
cient basis for assignment to Scelidosaurus and these scutes 
simply merit the more general assignment Thyreophora indet., 
although we agree with Padian that these specimens are not like 
the scutes of aetosaurian archosaurs. 

Scutellosaurus was covered in dermal armor comprising hun- 
dreds of scutes, although their exact number and pattern of 
placement are unknown. Colbert (1981) divided the scutes into 
six groups that presumably relate to regional differentiation, but 
only two or three of these groups are markedly different. All 
scutes are rugose with a high degree of pitting, and they almost 
always have a longitudinal keel on the dorsal surface. They are 
excavated such that they are generally of uniform thickness. 
Nearly all scutes are asymmetrical; some are low and flat or elon- 
gate and sharply keeled, while others are tall and triangular in 
profile. The scutes were probably positioned in rows on the back 
and flanks of the animal, with the larger scutes perhaps occupy- 
ing a more dorsal position. Their asymmetry suggests that none 
were median structures. The remaining, symmetrical scutes are 
long and narrow; Colbert (1981) suggested that these belonged 
to a median series along the tail. Drawing comparison with 
Owen’s (1863) observation in the articulated Scelidosaurus tail, 
there may well have been median dorsal, ventral, and bilateral 
rows of such scutes in Scutellosaurus. Finally, there are transi- 
tional scutes with double keels and symmetrical bases, whose 
position in life remains unclear. 

Emausaurus also exhibits dermal scutes that range from sim- 
ple conical elements with slightly caudally offset apices to tall, 
spinelike elements (Haubold 1990:fig. 15) reminiscent of those 
seen in eurypodans. 


Systematics and Evolution 


Thyreophora, originally proposed by Nopcsa (1915, 1917, 1923b, 
1929), has been redefined as a stem-based taxon, all genasaurs 
more closely related to Ankylosaurus than to Triceratops (Sereno 
1999a; see also Coombs 1978b; Norman 1984a; Sereno 1984, 
1986; Cooper 1985; Gauthier 1986; and Weishampel 1990c). 

Basal tree topology has been the subject of some debate in re- 
cent years. Sereno (1984) recognized Thyreophora as a clade in- 
cluding Stegosauridae + Ankylosauria+ Pachycephalosauria and 
Ceratopsia. In contrast, Norman (1984a) restricted Thyreophora 
to Stegosauridae + Ankylosauria with Scelidosaurus as the sister 
taxon to Ankylosauria. Cooper (1985) supported the latter pat- 
tern of armored taxa but proposed Scelidosaurus as a taxon basal 
to Stegosauria and Ankylosauria. Sereno (1986, 1997, 1999a) 
accepted Norman’s restriction of Thyreophora to the armored 
ornithischians and followed Cooper (1985) in placing Scelido- 
saurus as a taxon basal to Eurypoda (Ankylosauria + Stegosauria) 
but added Scutellosaurus and subsequently Emausaurus (follow- 
ing Haubold 1990) to the basal grouping. Carpenter (2001a) re- 
verts to the view of Norman (1984a) in placing Scelidosaurus as 
the sister taxon to Ankylosauria but retains basal thyreophoran 
status (basal to Eurypoda) for Scutellosaurus and Emausaurus. 

In order to evaluate the basal tree topology of Thyreophora, 
the monophyletic status of the clade, and the positions of Scu- 
tellosaurus lawleri, Emausaurus ernsti, and Scelidosaurus harrisonii 
with respect to Eurypoda, a numerical cladistic analysis was 
carried out on these taxa using PAUP*4.02b (Swofford 1999). 
Based on 21 characters, outgroup comparisons were made 
with Cerapoda and Lesothosaurus diagnosticus successively. This 
analysis yielded a single most parsimonious tree, presented in 
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FIGURE 15.6. Cladogram of Thyreophora, emphasizing relationships 
of Scutellosaurus lawleri, Emausaurus ernsti, Scelidosaurus harrisonii, and 
higher taxa. Tree length = 25, CI=0.92, RI=0.94, RCI = 0.87. 


figure 15.6. The tree length is 25 steps, CI = 0.92, RI= 0.94, and 
RCI =0.87. 

This clade can be diagnosed based on the following char- 
acters: a transversely broad postorbital process of the jugal; one 
or more supraorbitals incorporated into the orbital margin (un- 
certain in S. Jawleri); a median palatal keel (uncertain in S. law- 
leri); a vertically tall pterygoid and vomer (uncertain in S. lawleri); 
an elongate trunk region compared with the hindlimb length; an 
elongate ilium relative to the femur length; several pairs of 
parasagittal rows of low, conical scutes on the dorsum of the 
body (uncertain in Emausaurus); one or more rows of low-keeled 
scutes positioned on the flanks of the body (probable but still 
unconfirmed in Emausaurus); differentiation of high- and low- 
keeled scutes, and ventrally excavated scutes. 

Scutellosaurus, Emausaurus, and Scelidosaurus represent suc- 
cessive taxa on the stem lineage leading to Eurypoda, confirm- 
ing the conclusions of Haubold (1990). Scutellosaurus lawleri is 
the sister taxon to the clade comprising Emausaurus + Scelido- 
saurus + Eurypoda. The latter, more exclusive grouping is sup- 
ported by several characters: ventral deflection of the mesial 
dentary dentition; a high root-crown ratio; a horizontal ledge 
on the external surface of the surangular; a tightly sutured 
postorbital-jugal; and the shape of the jugal-quadratojugal suture. 

Scelidosaurus harrisonii is the sister taxon to Eurypoda (com- 
prising Thyreophoroidea sensu Sereno 1986). The latter clade is 
diagnosed by reduction of the antorbital fossa, narrowing of 
the infratemporal fenestra, and complete suturing of the supra- 
orbital to the dorsal orbital margin. 

Several other taxa have been allied with these basal thyreo- 
phorans. For example, Coombs, Weishampel, and Witmer 
(1990) referred the poorly known Tatisaurus oehleri to Thyreo- 
phora, although Simmons (1965) had originally referred it to 
Hypsilophodontidae. The sole feature in T: oehleri relevant here 
is the ventral deflection of the mesial end of the dentary tooth 
row, which is a synapomorphy of all thyreophorans above 
the level of Scutellosaurus. Beyond this, Tatisaurus is too in- 
completely preserved to determine its more inclusive position 
within Thyreophora. 

Another form, Echinodon becklesii, was originally included 
by Galton (1978) in his Fabrosauridae, but later it was considered 
to have a close relationship with Scutellosaurus (Galton 1986a). 
At the same time, Galton also assigned the dermal scutes from 
the same locality to Echinodon, a referral that was followed by 
Coombs, Weishampel, and Witmer (1990). Based on more de- 
tailed analysis of the cranial and dental features of Echinodon, 
Norman and Barrett (2003) now regard this Early Cretaceous 
ornithischian as a possible heterodontosaurid. The dermal ossifi- 
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cations (granicones [Owen 1861b]) have nondinosaurian affini- 
ties (Barrett et al. 2002a). 


Paleobiogeography and Paleoecology 


The fossil record of Scelidosaurus harrisonii, Emausaurus ernsti, 
and Scutellosaurus lawleri is limited to the Early Jurassic of 
Laurasia (England, Germany, and the United States). Given 
these data, it is impossible to assess the probable source area for 
Thyreophora. 

The depositional environment in which the disarticulated 
remains of Scutellosaurus have been found (Kayenta Formation, 
southwestern United States) has been interpreted as broad flood- 
plain habitats drained by moderate, sediment-rich streams (Clark 
and Fastovsky 1986). Water may have been abundant, although 
soil formation is known at several horizons. The fauna of the 
Kayenta is rich in terrestrial vertebrates, including a variety of 
basal archosaurs, crocodilians, theropod dinosaurs, and tritylo- 
dontids. The Kayenta Formation also has a freshwater bivalve 
fauna, indicating well-watered conditions. Unfortunately, floral 
evidence is lacking from the Kayenta. The Kayenta environment 
was probably stable, water-rich, warm, and humid. 

Skeletal remains of both Emausaurus and Scelidosaurus are 
known to occur in nearshore marine deposits of Germany and 
England. Scelidosaurus was interpreted by Owen (1863) as terres- 
trial or perhaps amphibious in habit, living near the margins of 
watercourses, so that carcasses were occasionally washed out to 
sea. It is likely that this interpretation also applies to Emausaurus. 

Early thyreophorans were active foragers on shrubby vegeta- 
tion within a meter above the ground. It is likely that all forms 
under consideration relied solely on simple adduction of the 
lower jaws to produce a vertical or near-vertical tooth-tooth 
shearing motion between the maxillary and dentary teeth, 
similar to Lesothosaurus (Thulborn 1971a; Weishampel 1984a; 
Norman and Weishampel 1991; Barrett 2001). 

Scutellosaurus may have been a bipedal herbivore (Colbert 
1981), but the hindlimbs are shorter relative to the length of the 
preacetabular process than in species regarded as obligate bipeds 
(Colbert 1981). The notably elongate tail, slender hindlimb, and 
compact pes with slender metatarsals all suggest cursorial 
habits; however, the lengths of the femur and metatarsal III rel- 
ative to the tibia are less reflective of cursorial habits than in 
other bipedal ornithischians (Colbert 1981). The disproportion- 
ately long trunk, the broad and stout scapular blade, the long 
forelimbs, a moderately large manus, a wide pelvis, and most im- 
portant, extensive dermal armor are at least suggestive of quad- 
rupedality. Scutellosaurus may have been derived from bipedal, 
cursorial ancestors but had adopted occasional quadrupedality, 
perhaps for foraging. As suggested by Colbert (1981), the species 
may be a harbinger of full quadrupedality in more derived 
thyreophorans. 

Scelidosaurus and Emausaurus were in all probability “high- 
grade mediportal” quadrupeds (Coombs 1978b); this is cer- 
tainly the case for Scelidosaurus given the nature of its limb 
proportions and foot construction (fig. 15.4A; unknown in 
Emausaurus). The skeleton of Scelidosaurus retains features in- 
dicative of a recent cursorial or subcursorial ancestry (Thulborn 
1977; Colbert 1981); most notable is the pendant fourth tro- 
chanter of the femur. Although theoretically S. harrisonii may 
have been capable of assuming a bipedal or tripodal stance, as 
advocated for sauropods and stegosaurs (Coombs 1975; Bakker 
1971a, 1978, 1986), whether such postures were biologically sig- 
nificant is dubious. 
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The first remains of stegosaurs were described 160 years ago, and 
Stegosauria has been in existence since Marsh (1877d) erected 
it more than 125 years ago (table 16.1). For the first 50 years, 
Stegosauria comprised all the armored and quadrupedal taxa 
from the Jurassic and Cretaceous. However, on the basis of 
the form of the pelvic girdle and hindlimbs, Romer (1927) rec- 
ognized Stegosauria as primarily a Jurassic clade of Ornithis- 
chia. Stegosaurs are medium-sized to large quadrupedal herbi- 
vores (length up to approximately 9 m) with proportionally 
small heads, short and massive forelimbs, long columnar hind- 
limbs with a long femur, short metacarpals and metatarsals 
with hooflike unguals, and an extensive system of parasagittal 
osteoderms consisting of vertical plates and caudodorsally in- 
clined spines in various proportions plus a parascapular spine 
(fig. 16.1). 

The earliest records of possible stegosaurs are Hettangian 
trackways from France (Le Loeuff et al. 1999; Lockley and Meyer 
2000) and a footprint from the Early Jurassic of Australia (Hill 
et al. 1966; Molnar 1982; also a?stegosaurian trackway from the 
Pliensbachian of Morocco, Jenny and Jossen 1982). However, 
the earliest bones consist of fragmentary remains from the early 
Bajocian of Scotland (proximal radius and ulna if not Ankylo- 
sauria, Clark 2001) and England (vertebrae, armor, Galton and 
Powell 1983; Boneham and Forsey 1992; tooth, Metcalf and 
Walker 1994), as well as excellent articulated material, includ- 
ing skulls, of Huayangosaurus (figs. 16.1B, 16.3) from Sichuan, 
People’s Republic of China (Bathonian-Callovian; Zhou 1984; 
Sereno and Dong 1992; also stegosaur indet. from the Kuang- 
yuan Series, Young 1944). Stegosaurs are best represented in 
the Late Jurassic with excellent articulated material from Africa 
(Kentrosaurus, figs. 16.1C, 16.4E; Hennig 1924), Asia (Chung- 
kingosaurus, Tuojiangosaurus, figs. 16.1E, 16.4A, B; Dong et al. 
1983), Europe (Dacentrurus, Lexovisaurus, fig. 16.1D, F; Galton 
1985f, 1990a, 1991), and North America (Hesperosaurus, fig. 16.3E, 
F; Carpenter et al. 2001b; Stegosaurus, figs. 16.1A, 16.2, 16.4F, 
16.6, 16.7D, E, 16.8, 16.9; Gilmore 1914b; Ostrom and McIntosh 
1966); the first record from southeastern Asia is a dorsal verte- 
bra from Thailand (Buffetaut et al. 2001). Stegosaurs are rare 
and poorly represented in the Cretaceous (Galton 1981a) but, 
surprisingly, the earliest descriptions were from the Early Creta- 
ceous of southern England (Regnosaurus, Mantell 1841, 1848; 


Olshevsky and Ford 1993; Barrett and Upchurch 1995b; Cratero- 
saurus, Seeley 1874; Nopcsa 1912; a pubis, Hulke, 1884; Ol- 
shevsky 1996). Other finds from the Early Cretaceous include 
dermal armor from England (Blows 2001a; Naish and Martill 
2001), a partial skull from South Africa (Paranthodon, fig. 16.4G, 
Galton and Coombs 1982), and partial skeletons from the 
People’s Republic of China (Wuerhosaurus, Dong 1973, 1993b) 
and Tibet (Monkonosaurus, Dong 1990b). The Early Cretaceous 
record from South America and Australia consists of fragmen- 
tary remains, a few vertebrae, a small dermal ossification from 
Argentina (Bonaparte 1996a, 1996b), and possible stegosaur foot- 
prints from Brazil (Caririchnium, Leonardi 1984; reinterpreted 
as early hadrosaurids walking quadrupedally, Lockley 1987b) 
and Australia (Dayton 1991; Thulborn 1997; Long 1998:130 for 
color photo). The report of a stegosaur-like femur from the Mid- 
dle Cretaceous of Morocco is questionable because it is only 
based on a photograph (Russell 1986, pers. comm.). The most 
recent record is from the Late Cretaceous of India (Coniacian, 
partial skeleton of Dravidosaurus, fig. 16.4C, D, and Maastricht- 
ian stegosaur also mentioned but not described by Yadagiri and 
Ayyasami 1979). Although it has been suggested that Dravido- 
saurus is a plesiosaur (Chatterjee and Rudma 1996; Chatterjee 
1997b), in this chapter it is maintained as a stegosaur. The 
absence of stegosaurs from Antarctica is probably due to the 
incompleteness of the fossil record. 


Definition and Diagnosis 


The stem-based name Stegosauria is defined as all taxa more 
closely related to Stegosaurus than to Ankylosauria (Sereno 1998, 
1999a). Stegosauria can be diagnosed by the following synapo- 
morphies: ?a flattened dorsal surface of the parietals; a trans- 
versely compressed proximal head of the quadrate; the neural 
canals of the cranial dorsal vertebrae have a diameter greater 
than half that of the centra; the dorsal neural arches are at least 
1.5 times as high as the dorsal centra; the mid-dorsal transverse 
processes are oriented at 50° to the horizontal or more steeply; 
the dorsal portions of the neural spines of proximal caudals are 
transversely widened and axially compressed; the length:width 
ratio of the distal caudal centra is 1.2 or lower; the proximal 
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TABLE 16.1 


Stegosauria 
Occurrence Age Material 
Thyreophora Nopcsa, 1915 
Eurypoda Sereno, 1986 
Stegosauria Marsh, 1877d 
Huayangosauridae Dong, Tang, et Zhou, 
1982 
Huayangosaurus Dong, Tang, et Zhou, 
1982 
H. taibaii Dong, Tang, et Zhou, 1982 Lower Shaximiao Formation Bathonian- Complete skeleton with 
(Sichuan), People’s Callovian complete skull, 5 fragmentary 
Republic of China postcrania, adult 
Stegosauridae Marsh, 1880b 
Chialingosaurus Young, 1959 
C. kuani Young, 1959 Upper Shaximiao Late Jurassic Partial postcranial skeleton, 
Formation (Sichuan), subadult 
People’s Republic of China 
Chungkingosaurus Dong, Zhou, et Zhang, 

1983 

C. jiangbeiensis Dong, Zhou, et Zhang, | Upper Shaximiao Late Jurassic Incomplete skeleton with 
1983 Formation (Sichuan), skull, 3 fragmentary 

People’s Republic of China postcrania, adult 
Craterosaurus Seeley, 1874 
C. pottonensis Seeley, 1874 Potton Sands (reworked) Early Incomplete dorsal vertebra, 
(Bedfordshire), England Cretaceous adult 
Dacentrurus Lucas, 1902b (= Omosaurus 

Owen, 1875) 

D. armatus (Owen, 1875) Kimmeridge Clay Kimmeridgian- Nearly complete postcranial 
(= Omosaurus armatus Owen, (Cambridgeshire), Tithonian skeleton, partial postcranial 
1875, including O. hastiger Kimmeridge Clay (Dorset), skeleton, 4 sacra, femora, 
Owen, 1877; O. lennieri Kimmeridge Clay 16 fragmentary postcrania, 
Nopcsa, 1911a; Astrodon (Wiltshire), England; juvenile to adult 
pusillus Lapparent et Argiles d’Octeville, Seine- 

Zbyszewski, 1957) Maritime, France; Unidade 
Sobral, Unidade Bombarral, 
Unidade Amoriera-Porto 
Novo (Leiria), Camadas de 
Alcobaca, Unidade Sobral, 
Unidade Amoteira-Porto 
Novo, ?Unidade Castehanos 
(Lisboa), unnamed unit 
(Setubal), Portugal; El 
Collado Formation 
(Valencia), Spain 

Dravidosaurus Yadagiri et Ayyasami, 

1979 

D. blanfordi Yadagiri et Ayyasami, Trichinopoly Group, Tamil Coniacian Fragmentary skeleton with 
1979 Nadu, India partial skull, adult 

Hesperosaurus Carpenter, Miles, et 

Cloward, 2001b 

H. miosi Carpenter, Miles, et Cloward, Morrison Formation Kimmeridgian- Complete skeleton with 
2001b (Wyoming), United States Tithonian skull, subadult 

Kentrosaurus Hennig, 1915a 

(= Doryphorosaurus Nopcsa, 1916; 

Kentrurosaurus Hennig, 1916b) 

K. aethiopicus Hennig, 1915a Tendaguru Formation Kimmeridgian 2 composite mounted 


Lexovisaurus Hoffstetter, 1957 
L. durobrivensis (Hulke, 1887) 
(= Omosaurus durobrivensis Hulke, 1887, 
including O. leedsi Seeley, 1901 partim; 
Stegosaurus priscus Nopcsa, 1911b) 


(Mtwara), Tanzania 


Lower Oxford Clay 
(Cambridgeshire), Lower 
Oxford Clay (Dorset), 
England; Marnes a 
Belemnopsis latesulcatus 
Formation (Calvados), 
France 


early-middle 
Callovian 


skeletons, 4 braincases, 

7 sacra, more than 70 femora, 
approximately 25 isolated 
elements, juvenile to adult 


3 partial postcranial skeletons, 
10 isolated elements, juvenile 
to adult 


TABLE 16.1 (CONTINUED) 


Occurrence Age Material 
Monkonosaurus Zhou vide Dong, 1990b 
M. lawulacus Zhou vide Dong, 1990b Lura Formation (Xizang Early 2 vertebrae, sacrum with ilia, 
Zizhiqu), People’s Cretaceous 3 plates, adult 
Republic of China 
Paranthodon Nopcsa, 1929a 
P. africanus (Broom, 1912b ) (= Palaeoscincus Upper Kirkwood Formation Late Jurassic- Partial skull, teeth, adult 
africanus Broom, 1912; Paranthodon owenii — (Cape Province), South early 
Nopcsa, 1929a; Anthodon serrarius Owen, Africa Valanginian 
1876b partim) 
Stegosaurus Marsh, 1877c (= Diracodon Marsh, 
1881b; Hypsirhophus Cope, 1879) 
S. armatus Marsh, 1877c (including Morrison Formation Kimmeridgian- 2 partial skeletons, 
S. ungulatus Marsh, 1879c; S. sulcatus Marsh, | (Colorado), Morrison Tithonian 2 braincases, at least 
1887; S. duplex Marsh, 1887b; Hypsirhophus — Formation (Wyoming), 30 fragmentary postcrania, 
seeleyanus Cope, 1879) Morrison Formation adult 
(Utah), United States 
S. stenops Marsh, 1887b (including Morrison Formation Kimmeridgian- 2 complete skeletons with 
Diracodon laticeps Marsh, (Colorado), Morrison Tithonian skulls, 4 braincases, at least 
1881b) Formation (Wyoming), 50 partial postcrania, juvenile 
Morrison Formation to adult 
(Utah), United States 
S. longispinus Gilmore, 1914b Morrison Formation Kimmeridgian- Fragmentary postcranial 
(Wyoming), 7Morrison Tithonian skeleton, adult 
Formation (Utah), United 
States 
Tuojiangosaurus Dong, Li, Zhou, et Zhang, 
1977 
T. multispinus Dong, Li, Zhou, et Zhang, Upper Shaximiao Late Jurassic 2 partial skeletons 
1977 Formation (Sichuan), 
People’s Republic of China 
Wuerhosaurus Dong, 1973 
W. homheni Dong, 1973 Tugulu Group (Xinjiang ?Valanginian- Partial skeleton 
Uygur Zizhiqu), People’s Albian 
Republic of China 
W. ordosensis Dong, 1993b Ejinhoro Formation (Nei Early Partial skeleton, plate, 
Mongol Zizhiqu), People’s Cretaceous vertebra, adult 
Republic of China 
Nomina dubia Material 


Hypsirhophus discurus Cope, 1878a 
Omosaurus phillipsi Seeley, 1893 
Omosaurus vetustus Huene, 1910b 
Regnosaurus northamptoni 
Stegosaurus affinis Marsh, 1881a Pubis 


Juvenile femur 
Juvenile femur 


2 dorsal vertebrae, caudal neural arch fragment 


Partial dentary, pubis, osteoderms 


scapular plate has a larger surface area than the coracoid; promi- 
nent triceps tubercle and descending ridge located caudolateral 
to the deltopectoral crest on the humerus; the dorsoventral 
thickness of the carpal elements exceeds 10% of the humeral 
length; the ulnare and intermedium in adults are fused; the 
proximal carpals in the cranial view are block-shaped; the distal 
carpals are absent or fail to ossify; the preacetabular process of 
the ilium is directed outward at 35° to the sagittal plane; the 
acetabular portion of the pubis is cup-shaped and faces laterally; 
the prepubis:pubic shaft length ratio is higher than 0.4; the 
pubic shaft length divided by the acetabular diameter is at least 
2.0; pedal digit I has been lost; pedal digit III has no more than 
three phalanges; pedal digit IV has no more than three pha- 
langes; there are parasagittal rows of plates or spines; and the 
ossified epaxial tendons have been lost. 


Anatomy 


Skull and Mandible 


Cranial bones are known for only a few genera, among them 
Chialingosaurus (Dong et al. 1983), Chungkingosaurus (fig. 16.4H; 
Dong et al. 1983; Dong 1990b), Dravidosaurus (fig. 16.4C, D; Yada- 
giri and Ayyasami 1979; Galton 1981a), Hesperosaurus (fig. 16.3E, 
F; Carpenter et al. 2001b), Huayangosaurus (figs. 16.3A-D, 16.5]; 
Dong et al. 1982; Zhou 1984; Sereno 1986; Dong 1990b; Sereno 
and Dong 1992), Kentrosaurus (figs. 16.4E, 16.5E, F; Hennig 
1924, 1936; Janensch 1936; Galton 1988), Paranthodon (figs. 
16.4G, 16.5G-I; Galton 1981a; Galton and Coombs 1981), Regno- 
saurus (Barrett and Upchurch 1995b), Stegosaurus (figs. 16.2, 16.4F, 
16.5A-D; Gilmore 1914b; Huene 1914; Galton 2001d, in prep. a.); 


STEGOSAURIA 345 


FIGURE 16.1. Stegosaur skeletal reconstructions: A, Stegosaurus; B, Huayangosaurus; C, Kentrosaurus; D, Dacentrurus; E, Tuojiangosaurus; 
F, Lexovisaurus . Scale = 50 cm. (A after Czerkas 1987; B after Zhou 1984; C after Janensch 1924 and Galton 1982b; D, F after Galton 1985f; 


Eafter Dong et al. 1983.) 


and Tuojiangosaurus (figs. 16.4A, B, 16.5K, L; Dong et al. 1983; 
Dong 1990b). 

In Stegosaurus, the caudal width of the skull is slightly greater 
than the height; the snout is proportionally long, low, and 
narrow; and the mandible is deep (fig. 16.2A-D). The propor- 
tions of the preserved parts of the skulls of Dravidosaurus, Hespero- 
saurus, Paranthodon, and Tuojiangosaurus are similar to those of 
Stegosaurus. In Huayangosaurus, however, the snout is propor- 
tionally shorter and higher and tapers more abruptly in dorsal 
view and the mandible is not as deep (fig. 16.3A, B). The snout 
of Chungkingosaurus is also proportionally shorter and deeper 
than that of Stegosaurus. 

Each premaxilla bears seven teeth in Huayangosaurus, but in 
Chungkingosaurus, Hesperosaurus, Paranthodon, Stegosaurus, and 
Tuojiangosaurus, this bone is edentulous. The external nares are 
large. The subnarial portion of the premaxilla has a height: 
length ratio of 0.4 in Huayangosaurus and less than 0.4 (usu- 
ally 3.0) in Chungkingosaurus, Paranthodon, and Stegosaurus. The 
caudodorsal process of the premaxilla, which is short and thin 
in Huayangosaurus, Chungkingosaurus, and Stegosaurus but long 
and broad in Paranthodon, does not reach the lacrimal; in 
Huayangosaurus it borders a small oval depression with the max- 
illa. The elongate maxilla has a prominent horizontal ridge for 
the area of the origin of the cheek musculature, as in other or- 
nithischians (Galton 1973a). This ridge marks the approximate 
dorsal limit of the thickened alveolar region in Stegosaurus, and 
above it is a thin lateral sheet. In Huayangosaurus, this sheet bor- 
ders a triangular antorbital fenestra that is present in Stegosaurus 
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(contra Galton 1990b) but absent in Chungkingosaurus and Tuo- 
jiangosaurus. In Chungkingosaurus, at least, fenestra closure is 
accomplished by a lateral lamina that extends rostroventrally 
from the lacrimal. The nasals are the longest bones in the skull 
roof, especially in Hesperosaurus and Stegosaurus. The supra- 
orbitals of Hesperosaurus and Stegosaurus are sculptured with an 
irregular series of ridges, grooves, and depressions. Three supra- 
orbitals are also present in Huayangosaurus and Tuojiangosaurus. 
Only two supraorbitals are figured for Dravidosaurus, but the 
specimen is poorly preserved. The supraorbitals exclude the 
suboval prefrontal and frontal from the orbital rim. The short 
and thick frontals are proportionally longer in Huayangosaurus 
and Tuojiangosaurus than they are in Hesperosaurus, Dravido- 
saurus, and Stegosaurus. The medial part of the parietal forms a 
flat area that is proportionally smaller in Huayangosaurus than it 
is in Stegosaurus and Tuojiangosaurus. The subtriangular squa- 
mosal roofs the caudolateral part of the supratemporal fenestra. 
The triradiate postorbital bears a small projection in Huayango- 
saurus. The rostral half of the jugal is shallow in Huayangosaurus, 
Hesperosaurus, Stegosaurus, and Tuojiangosaurus, so that the height 
is less than the transverse width in the orbit. However, it deep- 
ens caudally and is especially marked in Stegosaurus, in which 
the jugal forms a ventral flange. The sutural relationships of the 
jugal are unclear in Stegosaurus but were probably the same as in 
Huayangosaurus and Hesperosaurus, in which the jugal overlaps 
a small quadratojugal that in turn overlaps the ventral part of 
the quadrate. The dorsal head of the quadrate of stegosaurs is 
subrectangular and platelike; in Hesperosaurus and Stegosaurus it 
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FIGURE 16.2. Cranial anatomy of Stegosaurus: A-D, skull in A, left lateral, B, dorsal, C, ventral, and D, caudal views; E, first ceratobranchial; 

F, proximal end of left stapes; G, H, endocranial cast (from I) in right lateral view: G, caudal part with inner ear and adjacent structures removed, 
and H, complete endocast; I, right ventrolateral view of braincase to show cranial foramina (for endocast and braincase in all views, see Galton 
2001d); J-L, left mandible in lateral (J), dorsal (K), and medial (L) views. Scale = 10 cm (A-E, J-L), 1 cm (F), 5 cm (G-I). (A-D after Galton, in prep. a; 


E-L after Berman and McIntosh 1986.) 


has an extensive contact on its caudomedial surface with adja- 
cent parts of the squamosal and paroccipital process. In large in- 
dividuals of Stegosaurus, this suture is firmly fused. The head of 
the quadrate is transversely compressed, with a subrectangular 
profile. The shaft is continuous with the large pterygoid ramus, 
which bears an oval fenestra in Stegosaurus stenops; in other Stego- 
saurus, Huayangosaurus, Chialingosaurus, and Kentrosaurus, there 
is a depression or fossa in this region. There is no lateral lamina as 
occurs in ornithopods (Weishampel 1984a). The medial mandibu- 
lar condyle is larger than the lateral condyle, so the articular 
surface faces ventrolaterally. The quadrates of Chialingosaurus, 
Hesperosaurus, Huayangosaurus, and Tuojiangosaurus resemble that 
of Stegosaurus, but that of Kentrosaurus has a prominent lateral 
notch, which, along with the quadratojugal, forms a prominent 
paraquadrate foramen; a small foramen is present in this posi- 
tion in Huayangosaurus. 

The palate in Huayangosaurus and Stegosaurus is divided into 
two arched, ventrally open passageways by a deep median keel 
formed by the vomers, palatines, and pterygoids. The transversely 
thin vomers extend for less than half the length of the palate in 
Huayangosaurus. In Stegosaurus, the vomers are proportionally 
much longer and extend to the caudal end of the tooth row so 
that the pterygoids and most of the palatines are caudomedial 


to the teeth. The palatine and pterygoid border a postpalatine 
foramen in Stegosaurus but not in Huayangosaurus. The inter- 
pterygoid vacuity is small because of the close proximity of the 
pterygoids. The complex pterygoid has several rami diverging 
from the body, the caudal part of the pterygoid body overlaps the 
rostrodorsally facing articular surface of the basipterygoid pro- 
cesses, the pterygoid flange projects ventrally, and the roundly 
bifurcate quadrate ramus is overlapped by the quadrate. 

Several braincases and endocranial casts are known for Stego- 
saurus and Kentrosaurus (Galton 1988, 2001d, in prep. a), but 
the braincase is less well known in Hesperosaurus, Huayango- 
saurus, and Tuojiangosaurus. The basisphenoid is longer than the 
basioccipital in Huayangosaurus and Stegosaurus ungulatus (Gal- 
ton 2001d), whereas the reverse is true in Hesperosaurus, Stego- 
saurus stenops, and Tuojiangosaurus. The large occipital condyle 
is formed mostly from the basioccipital with a dorsolateral con- 
tribution from the exoccipitals (fig. 16.2D, I). The basipterygoid 
processes are short and directed rostroventrally, with a rostro- 
dorsally facing surface for the pterygoids. The parasphenoid is not 
known. The thin orbitosphenoids meet at the midline, forming 
the floor of the olfactory tracts (fig. 16.2H, I), are semicircular in 
cross section, and are slightly constricted at midlength. The latero- 
sphenoids are short and thick, especially rostrally. The prootic 
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FIGURE 16.3. Stegosaur skulls: A-D, skull of Huayangosaurus in A, left lateral, B, dorsal, C, caudal, and 
D, ventral views; E, F, skull of Hesperosaurus in E, left lateral and F, dorsal views. Scale = 5 cm. (A-D after 
Sereno and Dong 1992; E, F after Carpenter et al. 2001b.) 


FIGURE 16.4. Stegosaur skulls in left lateral (A, C, E, G, H) and dorsal (B, D) views: A, B, Tuojiangosaurus; 
C, D, Dravidosaurus; E, F, left quadrates in lateral view, E, Kentrosaurus, F, Stegosaurus; G, Paranthodon; 

H, Chungingosaurus. Scale = 5 cm. (A, B after Dong et al. 1983; B after Galton 1981a; C, D after Yadagiri and 
Ayyasami 1979; E after Galton 1988; F after Gilmore 1914b; G after Galton 1981a; H after Dong et al. 1983.) 


is an irregular bone that has an extensive ventral suture with 
the basisphenoid, so rostrally the prootics form up to 75% of the 
width of the floor of the braincase. The exoccipitals form the 
caudal part of the braincase sidewall, and the ventral part adja- 
cent to the foramen magnum is indented (fig. 16.21). The par- 
occipital processes, presumably formed from the opisthotic, 
are deep and thick. The supraoccipital is inclined at an angle 
of 55°. 

An endocranial cast of Stegosaurus was the first to be described 
for any dinosaur (Marsh 1880b), but it is incomplete. A second 
endocast (Gilmore 1914b; Ostrom and McIntosh 1966), com- 
plete but badly distorted and with few anatomical details, mis- 
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led Hopson (1979) in his reinterpretation of several structures of 
the stegosaur brain (Galton 1990b, 2001d). From an undistorted 
braincase (fig. 16.21), it is clear that the brain (fig. 16.2G, H) is 
shorter and deeper with stronger cerebral and pontine flexures 
and more steeply inclined caudodorsal edge than found in other 
ornithischian dinosaurs (see Hopson 1979). The widest part of 
the brain is formed by the slightly expanded cerebral hemi- 
spheres of the telencephalon. These hemispheres taper rostrally 
to short olfactory tracts that widen again into small olfactory 
bulbs. The sidewalls of the sella turcica are ossified except for 
a small pituitary foramen (fig. 16.2H, I). The extent of the mes- 
encephalon is uncertain because the optic lobes are not differ- 


FIGURE 16.5. Teeth of stegosaurian dinosaurs. A-D, Stegosaurus: A, right maxillary tooth in lingual view; B-D, isolated cheek tooth in three 
views; E, F, Kentrosaurus isolated cheek tooth; G-I, Paranthodon: G, H, left maxillary tooth in G, lingual, and H, buccal views; I, isolated tooth 

in mesial view; J, Huayangosaurus cheek tooth in buccal view; K, L, Tuojiangosaurus: K, right dentary tooth in buccal view L, left maxillary tooth in 
buccal view. Scale = 1 mm. (A-F after Galton 1988; G-I after Galton and Coombs 1981; J after Zhou 1984; K after Dong 1977.) 


entiated and the points of origin of c.nn. II/and IV cannot be de- 
termined. There is no cerebellar expansion in the dorsal region 
of the metencephalon. The flocullar lobes of the cerebellum are 
interpreted from a slight concavity, fossa subarcuata, in the me- 
dial wall of the prootic and supraoccipital. C.n. V originates 
from this region of the brainstem, the caudal part of which has 
transversely constricted sidewalls to accommodate the inner ears. 
With the adjacent part of the myelencephalic walls, this area is 
the narrowest part of the brain. C.nn. VI to XII originate from 
this part of the myelencephalon, the widest part of which is 
slightly caudal to vena cerebralis caudalis. The inner ear is well 
preserved (fig. 16.2H). The rostral semicircular canal is the 
longest, the lateral canal is the shortest, the lagena is moderately 
well developed, and the fenestra ovalis was probably partly filled 
with cartilage in life so its diameter more closely matched the 
size of the footplate of the stapes (fig. 16.2F). 

The predentary of Stegosaurus is wider than the combined 
width of the premaxillae, but does not extend as far forward as 
the latter. The rostral surface of the predentary is flat, and in life, 
the tips of the premaxillae and predentary were probably cov- 
ered by a horny rhamphotheca. The ventral profile of the lower 
jaw tapers to a V-shaped apex in Huayangosaurus; it is trans- 
versely broadened to form a U-shape in Chungkingosaurus, Ken- 
trosaurus, Paranthodon, Stegosaurus, and Tuojiangosaurus. The 
rostral part of the dentary of Huayangosaurus (fig. 16.3A) and 
Regnosaurus is similar to that of other ornithischians in that the 
tooth row is emarginated from the side of the face. There is a 
prominent lateral ridge that was probably for the attachment of 
the cheeks (Galton 1973a). However, in Stegosaurus this ridge be- 
comes a vertical lamina that increases in depth caudally, so the 
teeth are hidden from view. The ridge continues with the 
process (misidentified as coronoid, fig. 16.2J; Sereno and Dong 
1992) that forms the rostral edge of the deep coronoid emi- 
nence. Passing caudally, the surface between the tooth row and 
the base of the vertical lamina becomes progressively more hor- 
izontal. In Chungkingosaurus, Kentrosaurus, and Stegosaurus, the 


portion of the dentary lateral to the tooth row is horizontal and 
the teeth are hidden by the extensive vertical lamina (fig. 16.2A, 
J-L). The dentary is deep but thin except for the thick alveolar 
region. The coronoid eminence is formed mostly by the large 
surangular. In Hesperosaurus and Stegosaurus the surangular, an- 
gular, and dentary surround an external mandibular fenestra 
that is proportionally larger in juveniles (fig. 16.2A, J; Berman 
and McIntosh 1986). A smaller fenestra is present in Huayan- 
gosaurus (fig. 16.3A), and Dong et al. (1977) mention that it may 
also be present in Tuojiangosaurus. The articular is a broad, thick 
bone overlapped laterally by the surangular and medially by the 
prearticular (Galton 1982a). The retroarticular process is pro- 
portionally short. 

There are seven premaxillary teeth in Huayangosaurus. These 
teeth have denticulate margins and a weakly developed cingu- 
lum. In all other stegosaurs, the premaxilla is edentulous. In 
Stegosaurus, the maxilla bears 25 teeth, whereas the dentary count 
ranges from 20 to 23; the maxilla of Hesperosaurus has 20 alveoli. 
The tooth count is 27 or 28 for the maxilla of Huayangosaurus 
and at least 25 for the dentary of Tuojiangosaurus, but the latter 
is estimated from an incomplete dentary. The estimated tooth 
counts for Kentrosaurus (Hennig 1936) and Chialingosaurus (Dong 
1990b) are lower than in Stegosaurus. The cheek teeth of stego- 
saurs are enameled on both sides. The cheek teeth of Huayango- 
saurus, Paranthodon, Stegosaurus, and Tuojiangosaurus have the 
usual en echelon arrangement found in all other ornithischians. 
Dong et al. (1983) note that the teeth of Chialingosaurus and 
Chungkingosaurus do not overlap. However, the three functional 
teeth preserved in the dentary of Chialingosaurus are separated 
from each other by empty alveoli, and the tooth rows of 
Chungkingosaurus are not illustrated. The crowns of stegosaurian 
cheek teeth are asymmetrical (fig. 16.5). The convex mesial out- 
line bears fewer and/or larger marginal denticles, whereas the 
distal outline is slightly concave with smaller denticles. The max- 
illary teeth of Huayangosaurus lack the ringlike cingulum present 
in maxillary teeth of Chialingosaurus, Hesperosaurus, Kentrosaurus, 
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FIGURE 16.6. Vertebrae of Stegosaurus, in left lateral (A, B, D, G, H, J, M, R, T), cranial (C, E, F, I, N-Q), and caudal views (K, L, S): A, atlas; 

B, axis; C, D, cranial cervical; E, middle cervical; F, G, caudal cervical; H-J, cranial dorsals; K, middorsal; L, M, caudal 3; N, caudal 5; O, proximal 
caudal; P, middle caudal; Q, R, caudal slightly more distal than P; S, last sacral vertebra with sacral ribs; T, neural arches of sacrum of juvenile 
individual with endosacral cast. Scale = 5 cm (A-D), 10 cm (E-T). (After Ostrom and McIntosh 1966.) 


Paranthodon, Stegosaurus, and Tuojiangosaurus. The simplest crown 
occurs in Kentrosaurus, where there are only seven denticles and 
a weak ring-shaped cingulum. In Hesperosaurus, Huayangosaurus, 
Paranthodon, Tuojiangosaurus, and Stegosaurus, there are more 
denticles and the cingulum is more prominent. The denticles 
continue onto the adjacent surface of the crown to a varying 
extent, but only in Stegosaurus is there a complex network of 
secondary ridges. 

The stapes is a slender rod that is preserved in situ in Huayan- 
gosaurus (fig. 16.3C), and the proximal end with an expanded 
footplate is preserved adjacent to the fenestra ovalis in Stego- 
saurus (fig. 16.2F). The hyoid apparatus is represented only by 
the first ceratobranchials, each of which is a slender curved rod 
with slightly expanded ends (fig. 16.2E) that is just under half 
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the length of the lower jaw (see Gilmore 1914b:figs. 8, 9). To date, 
sclerotic rings have not been described. 


Postcranial Skeleton 


The postcranial skeleton of stegosaurs is better known than 
the skull, particularly in Chialingosaurus (Young 1959; Dong et 
al. 1983), Chungkingosaurus (fig. 16.7H, I; Dong et al. 1983; Dong 
1990b, 1992:fig. 60), Dacentrurus (figs. 16.1D, 16.7G; Owen 1875, 
1877; Nopcsa 1911a; Galton 1985f, 1991), Dravidosaurus (Yada- 
giri and Ayyasami 1979), Hesperosaurus (Carpenter et al. 2001b), 
Huayangosaurus (figs. 16.1B, 16.7A, F; Zhou 1984; Dong and 
Milner 1988:28, 29; Dong 1990b, 1992:figs. 44, 45), Kentrosaurus 


FIGURE 16.7. Left pelvic girdles (A-D) and sacra with ilia (E-L) in lateral (A-D), dorsal (H), and ventral views (E-G, I-L): 

A, F, Huayangosaurus; B, J, Kentrosaurus; C, Lexovisaurus; D, E, Stegosaurus; G, Dacentrurus; H, 1, Chungkingosaurus; K, Wuerhosaurus; 

L, Tuojiangosaurus. Scale = 10 cm. (A, F after Zhou 1984; B, J after Hennig 1924; C after Galton 1985f; D, E after Gilmore 1914b; Ostrom 
and McIntosh 1966; G after Galton 1985f; H, I, Lafter Dong et al. 1983; K after Dong 1973.) 


(figs. 16.1C, 16.7B, J; Hennig 1924; Janensch 1924; Galton 1982b), 
Lexovisaurus (figs. 16.1F, 16.7C; Nopcsa 1911b; Galton et al. 1980; 
Galton 1985f, 1990a), Monkonosaurus (Dong 1990b; ?Dong and 
Milner 1988:97), Stegosaurus (figs. 16.1A, 16.6, 16.7D, E, 16.8, 16.9; 
Gilmore 1914b, 1918; Ostrom and McIntosh 1966), Tuojiango- 
saurus (figs. 16.1E, 16.7L; Dong et al. 1983; Dong 1990b, 1992:fig. 
59; Dong and Milner 1998:48, 49), and Wuerhosaurus (fig. 16.7K; 
Dong 1973, 1993b; Dong and Milner 1988:65). Illustrations are 


given of the vertebrae (figs. 16.1, 16.6, 167.7E-L), pectoral girdle 
and forelimb (figs. 16.1, 16.8), and pelvic girdle and hindlimb 
(figs. 16.1, 16.7, 16.9). 


AXIAL SKELETON 


In Huayangosaurus, the vertebral formula is presumed to be 
8 cervicals, 17 or 18 dorsals, 4 sacrals (1 dorsosacral, 2 sacrals, 
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FIGURE 16.8. Pectoral girdle and forelimb of Stegosaurus, all left, except M-O: A, scapula in lateral view; B, coracoid in lateral view; C-F, humerus in 
C, lateral, D, distal, E, proximal, and F, cranial views; G-I, ulna in G, proximal, H, lateral, and I, distal views; J-L, radius in J, proximal, K, distal, and 
L, cranial views; M, proximal carpals in proximal view; N, articulated manus and proximal carpals in cranial view; O, manual ungual of digit lin 
cranial view. Scale = 10 cm. (After Gilmore 1914b; Ostrom and McIntosh 1966.) 


FIGURE 16.9. Hindlimb anatomy of Stegosaurus, all left except I, J: A-D, femur in A, medial, B, cranial, C, proximal, and 
D, distal views; E-H, tibia, fibula, astragalus, and calcaneum in E, proximal, F, lateral, G, cranial, and H, distal views; 
I, articulated pes in cranial view, distal views; J, metatarsal V in cranial view. Scale = 10 cm (A-H), 1 cm (I, J). (After Gilmore 


1914b; Ostrom and McIntosh 1966.) 


1 caudosacral), and 35 to 42 caudals. Stegosaurus has 26 presacrals 
(presumed to represent 10 cervicals and 16 dorsals), asynsacrum 
(2 dorsosacrals, 2 sacrals, 1 caudosacral), and 45 dorsals (figs. 
16.1A, 16.6). Hesperosaurus has 13 cervicals (including a tran- 
sitional form based on the form of the rib), 11 dorsals, a syn- 
sacrum (2 dorsosacrals, 2 sacrals, 1 caudosacral), and 45 caudals. 
Wuerhosaurus ordosensis has 11 dorsal vertebrae (Dong 1993b). 
The neural arches of the atlas are fused to the intercentrum in 
Huayangosaurus, Kentrosaurus, Stegosaurus, and Tuojiangosaurus. 
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The odontoid process is ankylosed to the centrum of the axis in 
Huayangosaurus, Hesperosaurus, Kentrosaurus, Lexovisaurus, and 
Stegosaurus. Cranially, both ends of the centra are flat, then be- 
come strongly excavated, especially caudally, and are amphi- 
coelous. In addition, the large, ventrally situated parapophyses 
become smaller and more dorsal in position passing caudally, 
whereas the transverse processes become longer, change from 
a ventrolateral to a dorsolateral orientation, and originate more 
dorsally on the neural arch. The neural spines also increase in 


size and become more caudal in position. The neural canal in- 
creases in size from cervical 8 to dorsal 3 to form an enlargement 
for the brachial nerve complex (Lull 1917; Giffin 1991).The dor- 
sal vertebrae of Huayangosaurus, Dacentrurus, and Hesperosaurus 
are characterized by a high neural arch (relative to basal thyreo- 
phorans), so the height of the pedicels (measured from the floor 
of neural canal to the base of the neural spine) is at least 1.5 times 
the height of the centrum in all dorsal vertebrae. The neural 
arches are tall in Chialingosaurus, Chunkingosaurus, and Tuojian- 
gosaurus and taller still in Kentrosaurus, Lexovisaurus, Stegosaurus, 
and Wuerhosaurus. The cranial dorsal neural canals have diame- 
ters greater than half the centrum diameter. In Kentrosaurus, the 
neural canal extends into most of the region inferior to the zyga- 
pophyses, the dorsal part of which is occupied only by a thin 
transverse lamina. However, in most stegosaurs the dorsal part 
consists of bone to form a solid column. The transverse pro- 
cesses in the mid-dorsals are strongly upturned, between 50° 
and 60° above the horizontal, and almost equal to the narrow 
neural spines in height (except in Hesperosaurus, in which neu- 
ral spines are uniquely tall). The transverse processes unite 
craniomedially to form a vertical surface immediately caudal to 
the prezygapophyses (fig. 16.6I, J). The zygapophyses also unite 
ventromedially to give V-shaped prezygapophyses and triangu- 
lar postzygapophyses (fig. 16.6E, G). There is a prominent notch 
ventrally between the postzygapophyses in Huayangosaurus and 
Dacentrurus and in the cranial dorsals of Lexovisaurus. In Dacen- 
trurus the centra are massive with the transverse width greater 
than the length for the last two-thirds of the series (the reverse 
of the usual stegosaurian condition), and there is a prominent 
lateral depression. In Craterosaurus, there is a deep depression 
immediately caudal to the prezygapophyses (Nopcsa 1912; Gal- 
ton 1981a). 

Except for the atlas, the ribs on all the presacral vertebrae are 
double-headed; the fusion of the rib to its vertebra in Dacentru- 
rus forms a transverse foramen, as in mammals. Cervical ribs 2 
to 10 of Stegosaurus are triradiate and, passing caudally, the shaft 
lengthens, as do the articular processes, especially the tuber- 
cular. Dorsal ribs 1 to 6 show a marked increase in length, ribs 7 
to 11 are subequal in length, and ribs 12 to 15 show a rapid short- 
ening and become more slender. The tubercular process is 
short, whereas the capitulum is long and perpendicular to the 
shaft to give a deep and narrow rib cage. The cross section of 
the proximal half of the shaft of ribs 6 to 11 is T-shaped, with the 
flat surface on the outside. In Huayangosaurus, the cranial dorsal 
ribs bear a prominent intercostal flange on the distal half of the 
shaft and, in addition, a flared distal end is present as far cau- 
dally as the longest rib. 

The sacrum of stegosaurs consists of five or six co-ossified 
centra (two or three dorsosacrals, two sacrals, one caudosacral). 
The centrum of the caudosacral is markedly concave transversely 
and is caudodorsally directed. In Stegosaurus stenops, sacral 1 bears 
a free rib (see Gilmore 1914b:fig. 23), and the neural spine is not 
coalesced with those of the remaining sacrals. All stegosaur sacra 
have four pairs of robust sacral ribs that are borne by sacrals 2 to 
5. In some individuals of Chungkingosaurus, Dacentrurus, Kentro- 
saurus, Monkonosaurus (Dong and Milner 1988:97), and Stego- 
saurus, sacral 1 may bear an additional pair of slender sacral ribs 
(fig. 16.7G, I; Galton 1982a). There is dimorphism in the num- 
ber of sacral ribs in Kentrosaurus aethiopicus (Galton 1982b), with 
females presumably having the extra sacral rib (Galton 1999b). 
Similar dimorphism is probably present in Dacentrurus armatus 
(fig. 16.7G; Lapparent and Zbyszewski 1957, pl. 34; Galton 1991), 
Chungkingosaurus jiangheiensis (fig. 16.71; Dong et al. 1983:fig. 97), 
and Stegosaurus stenops (Gilmore 1914b; Ostrom and McIntosh 


1966). In Huayangosaurus adults, the sacral ribs are I-shaped in 
cross section and separated by broad intercostal openings (fig. 
16.7F). In adults of all other stegosaurs, the ribs are T-shaped in 
cross section and the adjacent parts of the sacral ribs fuse to 
form a solid or almost solid dorsal shield extending from the 
base of the neural spines to the flat dorsal surface of the ilium, 
with which it is continuous. In juveniles of Chungkingosaurus 
and Stegosaurus (fig. 16.7H, I), the ribs unite distally, and there 
are large oval sacral openings between successive transverse 
processes. Endosacral casts show that there is an extremely large 
sacral enlargement, especially in the neural arches of sacrals 2 
and 3 (fig. 16.6T; Hennig 1924). This enlargement is for the nerve 
plexus for the large hindlimb and tail (as suggested by Lull 1910a, 
1917; there is no sacral brain, Giffin 1991). 

The proximal caudals of stegosaurs have small neural canals, 
axially short and transversely circular centra, and prominent 
transverse processes. These processes are laterally and/or slightly 
ventrally directed in Huayangosaurus, Chialingosaurus, Dacentru- 
rus, Kentrosaurus, and Wuerhosaurus and ventrolaterally directed 
in Chungkingosaurus, Hesperosaurus, Lexovisaurus, and Stegosaurus 
(fig. 16.6L, M). Each transverse process may bear a proximo- 
dorsal projection that is small in Dacentrurus, Kentrosaurus, and 
Wuerhosaurus and large in Hesperosaurus and Stegosaurus. The 
transverse process decreases in size passing caudally, with the 
dorsal process disappearing at caudal 15 in Hesperosaurus and 
caudal 11 in Stegosaurus; the transverse process disappears at cau- 
dal 33 in Hesperosaurus, caudal 27 in Kentrosaurus, caudal 16 in 
Stegosaurus, and caudal 11 in Lexovisaurus. The neural spines of 
the most proximal caudals are short in Chialingosaurus, Dacen- 
trurus, and Huayangosaurus; of medium height in Chungkingo- 
saurus, Hesperosaurus, Kentrosaurus, Lexovisaurus, and Stegosaurus; 
and extremely tall in Wuerhosaurus. In cranial view the apices are 
wider transversely than axially; the tops are simple in Huayango- 
saurus, Chialingosaurus, and Chungkingosaurus; moderately 
expanded in Dacentrurus, Kentrosaurus, Lexovisaurus, and Tuo- 
jiangosaurus; and expanded in Hesperosaurus, Stegosaurus, and 
Wuerhosaurus. The apices are dorsally convex in all stegosaurs 
except Stegosaurus, in which they are grooved on caudals 1 to 25; 
they are teardrop-shaped in Hesperosaurus. The neural spines of 
most stegosaurs are inclined distally. In Kentrosaurus, the neural 
spines distal to caudal 8 are more or less vertical (also true for 
caudal 30 of Lexovisaurus), whereas distal to caudal 18 they are 
proximally inclined. In addition, the neural arches of all cau- 
dals of Kentrosaurus lean proximally with respect to the long 
axis of the centrum, rather than normal to it as seen in other 
stegosaurs. The length:height ratio for distal caudal centra of 
stegosaurs is 1.2 or lower. The proximal chevron facet is usually 
much smaller than the distal chevron facet and well separated 
from it (fig. 16.6R). In Lexovisaurus, however, the proximal facet 
is large on the proximal caudals, and both large facets on caudals 
8 to 11 unite ventrally to give a V-shaped outline to the centrum 
in lateral view. The distal centra are subquadrate in lateral view. 
The chevrons of most stegosaurs are slightly shorter than the 
corresponding neural spines, slender, and tapered distally. How- 
ever, those of Kentrosaurus are short and bent caudally, with a 
straight ventral edge that is extended cranially by a process, so 
they are plough-shaped in lateral view. In Stegosaurus, the large 
hemal canal is variably open or closed along the caudal series 
in the same individual. 

Ossified tendons are associated with the dorsal neural spines 
in Hesperosaurus, but not with the caudals (this is a character re- 
versal as ossified tendons are absent in all other well-preserved 
articulated skeletons so their absence is diagnostic for Stegosauria; 
Sereno [1984]; Sereno and Dong [1992]); many of the dorsal and 
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sacral neural spines are also rugose because of partial ossifica- 
tion of the interspinous and supraspinous ligaments. 


APPENDICULAR SKELETON 


In stegosaurs, the blade of the scapula gradually increases in 
width passing dorsally. The proximal plate of the scapula is 
larger than the coracoid. In Huayangosaurus, the acromial pro- 
cess is subtriangular in lateral view, whereas it is subquadran- 
gular with a craniodorsal corner in Kentrosaurus, Tuojiangosaurus, 
Stegosaurus, and Wuerhosaurus. In Huayangosaurus, the greatest 
craniocaudal width of the coracoid is slightly less than the great- 
est width of the scapula and slightly more than the greatest 
dorsoventral height of the coracoid. In Kentrosaurus, Tuojiango- 
saurus, Stegosaurus, and Wuerhosaurus, the width of the coracoid 
is just more than half the width of the scapula and less than the 
height of the coracoid (fig. 16.8A, B). Clavicles and interclavicles 
are unknown in stegosaurs. The only evidence for a sternum is 
the presence of small triangular and asymmetrical paired bones 
in Stegosaurus that Gilmore (1914b) tentatively identified as 
sternal plates. 

The humerus of stegosaurs is short but massive, with ex- 
panded ends, a large deltopectoral crest, and a large lateral epi- 
condyle. The proximal width is 36% of the humeral length in 
Chiakingosaurus; 48% in Huayangosaurus; 55% in Dacentrurus, 
Kentrosaurus, Lexovisaurus, and Stegosaurus; 60% in Tuojiango- 
saurus; and 62% in Chunglingosaurus. The apex of the delto- 
pectoral crest occurs at 22% of the humeral length (measured 
from the proximal humeral head) in Huayangosaurus and Chung- 
kingosaurus; 29% in Tuojiangosaurus; and 37% in Chialingo- 
saurus, Dacentrurus, Kentrosaurus, Lexovisaurus, and Stegosaurus. 
However, in some individuals of Stegosaurus, this crest may reach 
midlength. In stegosaurs, there is a distinct, rugose triceps tu- 
bercle close to the apex of the deltopectoral crest. This tubercle 
is on the lateral side of the margin and extends along the lateral 
side of the crest as a low ridge. Beyond the ridge the crest is sub- 
triangular and angles craniomedially. The distal humeral width 
is 32% of the humeral length in Tuojiangosaurus; 37% in Chia- 
lingosaurus, Dacentrurus, and Lexovisaurus; 44% in Kentrosaurus, 
Stegosaurus, and Wuerhosaurus; and 48% in Chungkingosaurus. 
The radius is 66% of the humeral length in Huayangosaurus, 
whereas in Kentrosaurus and Stegosaurus, this ratio is 70% and 
73%, respectively. The distal end of the radius is transversely nar- 
rower than the proximal end (distal width less than 30% of the 
length) in Huayangosaurus and Chialingosaurus, but the reverse 
is true (distal width greater than 38%) in Dacentrurus, Kentro- 
saurus, and Stegosaurus. The ulna is slender (proximal width di- 
vided by the shaft is less than 0.4) in Huayangosaurus, Dacentru- 
rus, and Lexovisaurus and robust (proximal width divided by 
shaft length is 4.0 or greater) in Chialingosaurus, Kentrosaurus, and 
Stegosaurus. The humerus:ulna length ratio is 1.2 or higher in 
Huayangosaurus and Dacentrurus but 1.05 or lower in Lexovisaurus 
and Stegosaurus. The ulna of Stegosaurus is extremely massive, 
especially proximally. Hence the length of the antebrachium 
exceeds that of the humerus, whereas the reverse is true in juve- 
niles in which the olecranon process is less prominent. 

The maximum vertical height of the large, blocklike proxi- 
mal carpals of stegosaurs is more than 10% the length of either 
the ulna or the humerus. In young Stegosaurus, there are four 
proximal carpals (see Gilmore 1914b:figs. 36, 37; Galton 1982a: 
fig. 7D, E); in adults there are two large bones that are blocklike 
in cranial view, the co-ossified intermedium plus ulnare and the 
radiale, as in most other stegosaurs. In adult Huayangosaurus, all 
four bones are co-ossified. In stegosaurs, the proximal carpals 
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articulate directly with the metacarpals and there are no distal 
carpals, even in juveniles. In the depth of the carpus, the short- 
ness of the metacarpals, and the arch of the manus, there is a 
striking resemblance between Stegosaurus and elephants (fig. 
16.8N). The metacarpus consists of five short, robust meta- 
carpals. The first phalanx of digits I and II are short and wide, 
with well-formed articular surfaces. Each of these digits bears a 
large, wide, and depressed hooflike ungual (fig. 16.8N, O; ungual 
IL is not preserved) that in life was encased by a horny hoof. The 
first phalanges of digits II] and IV have small distal articular sur- 
faces, each of which articulated with a reduced terminal carti- 
laginous ungual. Judging from the distal end of metacarpal V, 
at least one phalanx was present, indicating that the pha- 
langeal formula for Stegosaurus is probably 2-2-2-2-?1. The few 
manual elements known for other stegosaurs are similar to those 
of Stegosaurus. 

The preacetabular process of the dorsoventrally compressed 
ilium of stegosaurs is long and faces slightly dorsally, whereas 
the body forms a flat surface that faces mostly dorsally (fig. 16.7). 
The iliac body fits against and is continuous with the dorsal 
shield of the sacrum (fig. 16.7H). The preacetabular process is set 
at an angle of 35° to the midline in Huayangosaurus. In other 
stegosaurs, including Stegosaurus (see Galton 1982a), the angle 
is between 40° and 50°. This short process is broad and tapers 
cranially in Huayangosaurus, Chungkingosaurus, Monkonosaurus, 
and Tuojiangosaurus; broad and widens cranially in Kentrosaurus; 
and long and slender in Hesperosaurus, Lexovisaurus, Stego- 
saurus, and Wuerhosaurus. The pubic peduncle is prominent in 
all stegosaurs. The ischial peduncle is pronounced in Huayango- 
saurus and projects ventrally. In all other stegosaurs, the ischial 
peduncle is small, projects slightly, and lacks a supraacetabular 
buttress. The large supracetabular process (“antitrochanter”) 
overhangs the caudal half of the acetabulum and the adjacent 
part of the short postacetabular process (fig. 16.7). The suprace- 
tabular process is small in Huayangosaurus; slightly larger in 
Chungkingosaurus; and large in Dacentrurus, Kentrosaurus, Lexovi- 
saurus, Monkonosaurus, Hesperosaurus, Stegosaurus, Tuojiango- 
saurus, and Wuerhosaurus. The open acetabulum is partly backed 
by thin sheets of bone from the ilium, pubis, and ischium. 

The concave, ovate acetabular surface of the stegosaurian 
pubis is laterally directed on the side of the transversely thin 
body. In Huayangosaurus the prepubic process is 45% of the 
pubic shaft length, the pubic rod is slender, and the distal ex- 
pansion can be massive (fig. 16.7A). In other stegosaurs the 
prepubic process is more than 50% of the pubic shaft length; it 
is deeper and thinner in Dacentrurus, Hesperosaurus, Stegosaurus, 
and Wuerhosaurus, and the proximal end is expanded dorso- 
ventrally in Dacentrurus (fig. 16.7B-D). The pubic shaft is long 
and of variable shape, usually tapering gently with a slight to 
moderate distal expansion; it does not taper in Stegosaurus and 
the distal expansion is large in Wuerhosaurus. Like the pubes, 
the ischia contact each other only at their distal ends. However, 
a rugose area medially on the angled distal third of the bone 
(fig. 16.7D) indicates that strong ligaments spanned the symph- 
ysis. The ischium lacks an obturator process and the distal part 
is unexpanded. In Stegosaurus stenops, the entire length of the 
ischium contacts the pubis ventrally (fig. 16.7D), but in S. ungu- 
latus, there is a gap between these bones due to their mutual 
angulation; the same is true for Dacentrurus and Kentrosaurus. 
The distal two-thirds of the ischium tapers distally to a varying 
extent; the dorsal edge is straight in Huayangosaurus, Dacentrurus, 
and Wuerhosaurus and there is a distinct angle at 75% of the 
shaft length in Hesperosaurus, Kentrosaurus, Lexovisaurus, Stego- 
saurus, and Wuerhosaurus. 


In Huayangosaurus, the femur is only slightly longer than the 
humerus (110%) and the tibia (110%). The femur-to-humerus 
ratio is 147% in Dacentrurus; 163% in Chialingosaurus, Chungkingo- 
saurus, and Kentrosaurus; 173% in Lexovisaurus; and 180%-230% 
in Stegosaurus. The femur-to-tibia ratio is 126% in Chungkingo- 
saurus, 142% in Kentrosaurus, 150% in Lexovisaurus, and 168%- 
185% in Stegosaurus. The femur of stegosaurs is slender in lateral 
view with a straight shaft of nearly uniform width. However, it 
is transversely wide. There is no constricted neck region pro- 
ducing a distant femoral head. In juvenile individuals, the cra- 
nial trochanter is a slender, vertical, fingerlike process, but in 
larger individuals it may be obliterated by proximal remodeling, 
particularly in Kentrosaurus, in which the proximal end becomes 
extremely massive laterally. In Chialingosaurus, the triangular 
cranial trochanter has a broad base. The vestigial fourth tro- 
chanter is represented by a distinct ridge in Chialingosaurus, Da- 
centrurus, Kentrosaurus, Lexovisaurus, and Tuojiangosaurus. How- 
ever, in Chungkingosaurus and Stegosaurus, the fourth trochanter 
is represented only by rugosities on the shaft at midlength. The 
stegosaur tibia is short but massive and in large individuals the 
distal end is fused with the fibula, astragalus, and calcaneum 
(fig. 16.9F-H). In small individuals of Stegosaurus and large indi- 
viduals of Dacentrurus, the distal end of the tibia is deeply exca- 
vated to receive the large proximal projection of the astragalus 
(see Gilmore 1914b:figs. 48, 49). The fibula is slender and only 
slightly expanded at both ends. The astragalus is a massive bone 
that caps the tibia. The calcaneum is a small bone that fits against 
the adjacent parts of the astragalus, tibia, and fibula. In Stego- 
saurus, the shape and size of the astragalus and the calcaneum 
are exceedingly variable. 

Distal tarsals are unknown and were presumably cartilaginous. 
Metatarsal I is absent in all stegosaurs because the three robust 
metatarsals are identified as II to IV by comparison with tri- 
dactyl ornithopods, in which digit loss occurs on both sides 
of the pes, rather than as metatarsals | to III as identified by 
Gilmore (1914b), who noted the resemblance of the innermost 
element to metatarsal I of sauropods. A short, flattened meta- 
tarsal V is preserved proximally on the caudal surface of 
metatarsal IV in Huayangosaurus and Stegosaurus (fig. 16.9); Gal- 
ton 2001d; bone figured upside down by Gilmore, 1914b:fig. 53). 
Metatarsals II to IV are straight but divergent, with only a small 
contact proximally. The metatarsals of Dacentrurus and Lexovi- 
saurus are similar to those of Stegosaurus, but in Kentrosaurus they 
are more slender and in Huayangosaurus even more so. The prox- 
imal phalanges are short, broad, and much heavier than those 
of the manus. The unguals are broad and depressed and in life 
were encased by a horny hoof. In Huayangosaurus there are three 
phalanges on digits III and IV, one more than in Kentrosaurus and 
Stegosaurus, and articulated pedes have a phalangeal formula of 
0-2-3-3-0 (Dong 1990b), 0-2-2-2-0, and 0-2-2-2-0, respectively. 


OSTEODERMS 


Huayangosaurus is unique in retaining at least one scute row on 
each side of the trunk. Stegosaurs are characterized by two para- 
sagittal rows of plates and/or spines. The plates have a thick 
central portion like a modified spine in Huayangosaurus, Chung- 
kingosaurus, Kentrosaurus and Tuojiangosaurus, but are generally 
transversely thin, except at the base, in Hesperosaurus, Lexovi- 
saurus, Stegosaurus, and Wuerhosaurus. 

The dorsal osteoderms are developed as a double series of 
small plates and spines in Huayangosaurus, Chialingosaurus, 
Chungkingosaurus, Kentrosaurus, and Tuojiangosaurus (fig. 16.1B, 
C, E). The best-known example of this configuration is Kentro- 


saurus, which is presumed to have carried 15 paired plates and 
spines on its back, but only the position of the terminal pair of 
tail spines is fixed. The neck and cranial half of the back carries 
six pairs of small vertical plates; the fourth pair is thin and sub- 
rhomboid in shape, the fifth resembles a nuchal plate of Stego- 
saurus, and the sixth is a thin oval plate with most of the outline 
of a spine and its base on the lateral surface. The rest of the back 
supports three pairs of flat spines. Last, the tail carries five pairs 
of large spines, three of which are stocky, steeply inclined, and 
have large oval bases. The remaining caudal elements are long, 
horizontal spines that are supported by smaller, subcircular bases. 
The terminal pair are more slender, project on either side beyond 
the last caudal vertebrae, and are caudolaterally directed. A pair 
of horizontal spines, each with an extremely enlarged, medially 
positioned base, have long been placed on the flat dorsal surface 
of the ilia and the adjacent dorsal plate of the sacrum of Kentro- 
saurus. However, these paired so-called parasacral spines occur 
close to the scapula in Huayangosaurus (Sereno and Dong 1992), 
which is where they are in a complete articulated skeleton of 
Tuojiangosaurus (Gao et al. 1986). Nopcsa (1911b) described a 
disarticulated spine with a small base in Lexovisaurus from En- 
gland asa shoulder spine, anda much longer parascapular spine 
with a large base is known from France (Galton et al. 1980; Gal- 
ton 1990a). Parascapular spines are also known in Wuerhosaurus 
but are not present in Stegosaurus. 

The paired 13 osteoderms of Huayangosaurus include small 
nuchal plates similar to those of Stegosaurus, larger subrectan- 
gular plates in the cranial dorsal region, and small spines on the 
rest of the back, large spines on the caudal region, and a series 
of small spines on the tail, which has two pairs of elongate ter- 
minal spines (fig. 16.1B). In Chungkingosaurus, the osteoderms 
are large and thick, with a shape intermediate between plates 
and spines, and there were probably four pairs of tail spines 
(Dong 1990b). Tuojiangosaurus is reconstructed with 17 pairs of 
plates and spines, with spines predominating (fig. 16.1E). The 
plates on the neck are irregular to spherical, whereas those of 
the back are triangular and swordlike with a widened discoid 
base. The spines of the sacrum and tail are short and conical 
with the largest pair in the sacral region. There are two pairs of 
elongate terminal tail spines. Proportionally large thin plates 
occur in Lexovisaurus durobrivensis (fig. 16.1D) and Monkono- 
saurus, whereas in Dravidosaurus, there are ten triangular plates 
with thick bases (height 5-25 cm, length 3-15 mm; Anonymous 
1978; Yadagiri and Ayyasami 1979). The bony plates are large, 
long, and low in Wuerhosaurus. However, large thin plates reach 
their extreme development in Stegosaurus (fig. 16.1A). 

The osteoderms of Stegosaurus stenops consist of small, de- 
pressed, and subangular ossicles embedded in the throat re- 
gion (arranged in rosette patterns, Carpenter 1998); a series of 
17 erect and thin plates of varying sizes along the dorsum of 
the neck, back, and tail; and two pairs of elongated, spikelike tail 
spines. These dermal plates have been reconstructed in several 
different ways, first as a single median row by Marsh (1891b, 
1896; Ostrom and McIntosh 1966) and then as two rows that 
were either bilaterally paired throughout the entire series (Lull 
1910a, 1910b) or two rows of staggered alternates (Gilmore 1914b, 
1915a, 1918). Gilmore (1914b) favored the alternating arrange- 
ment because some of the plates are arranged this way in a 
nearly complete skeleton still embedded in rock and, in addi- 
tion, no two plates have exactly the same shape or size. Czerkas 
(1987; also Czerkas and Czerkas 1990) makes a case that the 17 
plates of this skeleton represent the complete series and that 
there is sufficient room for their bases to be arranged in a single 
median row (fig. 16.1A), but plates 6 to 13 show a dorsal overlap 
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because the maximum axial length of each plate is greater than 
the length of the corresponding base. However, in three addi- 
tional articulated individuals with plates adjacent to the verte- 
bral column (Paul 1992; Carpenter and Small 1993; Carpenter 
1998), the plates alternate, so this arrangement is not due to the 
shifted position of one of the rows, as suggested by Lull (1910b), 
and the plates and their bases on one side are separated from 
those on the other by a matrix, which supports the alternating 
double-row arrangement of Gilmore (1914b, 1915a, 1918; Car- 
penter 1998). 

The five nuchal plates are small, thin, and vertically elongate 
with roughened and only slightly transversely expanded basal 
ends. Only the last nuchal plate has a base that is asymmetri- 
cally expanded. The depth of insertion of these plates into the 
thick skin is indicated by a diagonal groove along the base at 
which the vascular grooves of the upper surface end abruptly. 
The oval plates 6 through 9 on the rest of the neck and adjacent 
part of the back have asymmetrical and transversely wide bases, 
the lateral surfaces of which are equally rugose. These plates in- 
crease markedly in size caudally. The bases are often cleft along 
their ventral aspect and are short axially compared to the maxi- 
mum length of the plate. The wide asymmetrical bases of plates 
5 to 9 would have provided the necessary support for these large 
plates to be angled away from the sagittal plane on the neck, 
allowing moderate movement in this region (Czerkas 1987). The 
remaining dorsal and caudal plates have transversely narrow 
and symmetrical bases almost as long as the maximum length 
of the plate. The largest plate is positioned over the base of the 
tail. The caudal plates are subrectangular proximally but tri- 
angular distally. Lateral surfaces are rugose and evenly covered 
with vascular grooves. The external surfaces of the two pairs of 
slender terminal tail spines, which were caudolaterally directed 
(Carpenter 1998; as also preserved in Kentrosaurus, Hennig 1924; 
Galton 1982b), are also covered with vascular impressions. 

The dermal armor of the tail of the other species of Stego- 
saurus shows some differences from that of S. stenops. The two 
pairs of tail spines of S. longispinus are extremely elongate and 
possess unexpanded bases such that the spine thickens slightly 
axially before tapering distally gradually. The distal two-thirds 
of the tail of S. armatus was thought to carry at least four spine- 
like plates of different sizes, each with an oblique flat base and 
sharp fore and aft edges, but this may represent a combination 
of spikes from two different individuals (Carpenter and Galton 
2001). The spinelike caudal plates in this species may have been 
paired because there are two large plates of almost the same size 
(Ostrom and McIntosh 1966). An isolated pair of stocky spines 
with extremely large bases is probably from a large individual of 
S. ungulatus. 

The armor of Hesperosaurus, the other Morrison stegosaurid 
genus, differs from that of Stegosaurus stenops in several respects. 
The cervical plates are considerably longer than tall, the reverse 
of S. stenops, with asymmetrically thickened bases, so there are 
left and right plates. The proximal caudal plate is a parallelogram 
that is slightly longer than tall; in S. stenops this plate is triangu- 
lar and taller than long. The more distal three plates are longer 
than tall. Based on the proximal caudal plate, the dorsal plates 
were probably more parallelograms to rectangular (longer than 
tall) rather than triangular. 


Systematics and Evolution 


A matrix of 55 characters for 11 stegosaur genera was constructed 
using data from Sereno (1986, 1999a), Galton (1990b), Sereno 
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and Dong (1992), primary descriptions, and personal observa- 
tions. Three poorly known taxa were considered but ultimately 
excluded from the matrix because they could be coded for one 
(Dravidosaurus, Craterosaurus) or six (Monkonosaurus) of the 55 
characters. As a result, safe taxonomic reduction (Wilkinson 
1995) justified elimination of these taxa without affecting 
the relationships among the remaining taxa. Stegosaurus in the 
cladograms and data matrix refers solely to Stegosaurus stenops. 
The data matrix contains the hypothetical outgroup “Ancestor,” 
which has been assigned plesiomorphic states based on com- 
parison with Ankylosauria, Scelidosaurus, Scutellosaurus, Emau- 
saurus, and basal ornithischians such as Lesothosaurus. 

The data matrix was analyzed using the Exhaustive search 
in PAUP*4.0 (Swofford 1998), which found 2,203 most parsimo- 
nious trees, with the following tree statistics: L = 68 steps; CI = 
0.738; RI = 0.771; RC = 0.646. This poorly resolved result, com- 
bined with the fact that 24 of the 55 characters are parsimony 
uninformative, might suggest that there is little if any phylo- 
genetic signal in the data set. To examine this issue further, 
PAUP*4.0 (Swofford 1998) was used to run a Permutation Tail- 
Probability (PTP) test using 1,000 randomized replicates of the 
original data set. The results indicate that the most parsimo- 
nious tree length (68 steps) lies outside the range of minimum 
tree lengths obtained from the randomized data (p < 0.001), 
suggesting that the original data set does contain some phylo- 
genetic signal. Thus, the large number of most parsimonious trees 
may reflect the presence of one or more unstable taxa. 

Strict and Adams consensus trees, for the 2,203 most parsimo- 
nious trees, yield limited resolution of stegosaur relationships. 
The strict consensus tree places Huayangosaurus as the sister 
taxon to a polytomy containing all other stegosaurs. The Adams 
consensus tree provides a little more resolution: immediately 
above Huayangosaurus, three genera (Paranthodon, Dacentrurus, 
and Chungkingosaurus) form a polytomy with a lineage that leads 
to all higher stegosaurs. Reduced consensus (Wilkinson 1994) 
was applied in an attempt to resolve these relationships further. 
This method identifies the least stable taxa, deletes them a pos- 
teriori from the most parsimonious trees, and collapses the 
duplicate versions of these trees created by such deletions. For 
example, the first application of reduced consensus deleted 
Paranthodon, resulting in a decrease in the number of distinct 
most parsimonious tree topologies from 2,203 to 136. Further 
rounds deleted, in order, Lexovisaurus, Chialingosaurus, Chung- 
kingosaurus, and then either Hesperosaurus or Wuerhosaurus, 
leaving only five distinct topologies (fig. 16.10). Examination 
of the tree topologies at each stage suggests that the original 
2,203 most parsimonious trees all contain the following rela- 
tionships: (1) Huayangosaurus is the sister taxon to other stego- 
saurs; and (2) Dacentrurus and Chungkingosaurus lie outside a 
clade containing all other higher stegosaurs. The first of these 
statements has already been demonstrated by inspection of the 
strict consensus tree for all 2,203 most parsimonious trees. The 
second statement was suggested by the Adams consensus tree 
for the 2,203 most parsimonious trees, and is supported by the 
results of reduced consensus. The relationships among all other 
stegosaurs are so variable that no further resolution can be ob- 
tained via reduced consensus methods. 

In order to obtain a more highly resolved picture of stegosaur 
relationships, the data set was analyzed (using the exhaustive 
search in PAUP*4.0, as above) after the deletion of Paranthodon. 
This produced 136 most parsimonious trees (L = 68; CI = 0.738; 
RI = 0.771; RC = 0.646), which probably represent the same 
topologies as those obtained when Paranthodon was deleted a 
posteriori from the original 2,203 most parsimonious trees. The 
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characters were then reweighted in proportion to their individ- 
ual consistency indexes, and the exhaustive search in PAUP*4.0 
was applied once more. This produced three most parsimonious 
trees (L = 58.5; CI = 0.828; RI = 0.862; RC = 0.780). A strict con- 
sensus of these three most parsimonious trees is shown (fig. 
16.11). The observed relationships conform to those predicted 
from the reduced consensus study outlined above: Huayango- 
saurus is the sister taxon to all other stegosaurs; and Dacentrurus 
and Chungkingosaurus lie outside a clade of higher stegosaurs. 
These relationships are in line with those proposed by previous 
cladistic analyses (Sereno 1986, 1997, 1999b; Sereno and Dong 
1992). However, little more can be said with confidence regard- 
ing the relationships within Stegosaurinae. 

The poor resolution of relationships among stegosaurine 
taxa reflects both missing data and character conflict. Thus, 
apart from the skulls of Hesperosaurus and Stegosaurus (figs. 16.2, 
16.3), cranial material is fragmentary (Tuojiangosaurus, fig. 16.4G, 
H), incomplete (Chialingosaurus, Chungkingosaurus, Kentrosaurus, 


FIGURE 16.10. The five reduced consensus 
trees produced by the a posteriori deletion 
of Chialingosaurus, Chungkingosaurus, 
Hesperosaurus, Lexovisaurus, and Paranthodon 
(see text for details and statistics). 
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fig. 16.4E, F, I-K), or completely lacking (Dacentrurus, Lexovi- 
saurus, Wuerhosaurus). The postcranial skeleton is completely 
known only for Kentrosaurus and Stegosaurus. The partial post- 
cranial skeletons of Tuojiangosaurus, Lexovisaurus (fig. 16.1E, F), 
Hesperosaurus, Chungkingosaurus, Chialingosaurus, and Wuerho- 
saurus show a progressive decrease in completeness. The un- 
stable position of Lexovisaurus relative to Stegosaurus and Kentro- 
saurus can be understood in part as a result of character conflict: 
Lexovisaurus and Stegosaurus share four derived states (caudal 
ribs directed caudoventrally, caudal ribs disappear on caudal 16 
or more cranially, the cranial process of the ilium is elongate and 
tapers toward its cranial end, parasagittal plates are transversely 
compressed thin plates except at the central core), which are 
absent in Kentrosaurus, while Kentrosaurus and Stegosaurus share 
three derived states (fusion of pre- and postzygapophyses on all 
dorsal vertebrae, the transverse width of the distal end of the 
humerus is at least 40% of the humerus length, a robust ulna), 
which are absent in Lexovisaurus. This simple comparison, at first 
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FIGURE 16.11. The strict consensus tree of the three most 
parsimonious trees produced after exhaustive search of unequally 
weighted characters. The character weightings were scaled in 
proportion to the individual consistency indices of each character, 
as determined by the latter’s distributions on 136 most parsimonious 
trees (see text for details and statistics). The stem-based groups, 
Stegosauria, Stegosauridae, and Stegosaurinae, are indicated. 


sight, suggests that the character evidence slightly favors place- 
ment of Stegosaurus closer to Lexovisaurus than to Kentrosaurus. 
It should be remembered, however, that the distributions of 
the derived states in other taxa (in this case Chungkingosaurus 
and Wuerhosaurus) have an important impact on ultimate tree 
topology. Future work on stegosaur phylogeny should concen- 
trate on characters relevant to resolving the relationships of the 
Stegosaurinae. 

The lack of resolution in stegosaur phylogenetic relationships 
makes it difficult to produce an unambiguous set of taxon defi- 
nitions and diagnoses. For this reason, only existing higher-level 
taxon names, such as Stegosauria, Stegosauridae, and Stego- 
saurinae, are considered. The synapomorphies listed below are 
only those with unequivocal distributions; that is, their pat- 
terns of evolutionary change are the same under both accel- 
erated and delayed transformation optimization (PAUP*4.0, 
Swofford 1998). 

Stegosauria is defined as a stem-based name (all taxa more 
closely related to Stegosaurus than to Ankylosauria) (Sereno 
1998, 1999a). The monophyly of the clade is supported by the 
synapomorphies listed under the “Definition and Diagnosis” 
section above. 

Within Stegosauria, Huayangosauridae is based solely on 
Huayangosaurus taibaii, the sister taxon to all other stegosaurs; 
it is a stem-based name defined as all stegosaurs more closely 
related to Huayangosaurus than to Stegosaurus. Huayangosaurus 
taibaii is the best-represented Bathonian-Callovian stegosaur, 
with several skeletons (length approximately 4.5 m) from 
Sichuan, People’s Republic of China (figs. 16.1B, 16.3A-D; Dong 
et al. 1982; Zhou 1984; Sereno 1986; Dong and Milner 1988:28, 
29; Dong 1990b, 1992:figs. 44-46; Sereno and Dong 1992). The 
skull is deep with a short snout region, seven premaxillary teeth, 
a small triangular antorbital fenestra, the rostral part of the 
orbit overlapping the maxillary tooth row, and a small external 
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mandibular fenestra. The sacrum is pierced by three large sacral 
foramina between adjacent transverse processes and sacral ribs. 
The ilium possesses a broad preacetabular process and a promi- 
nent ischial peduncle, and it is transversely narrow. The limb 
bones are hollow, and the humerus is slender. The femur: 
humerus length ratio is 1.15. The phalangeal formula of the pes 
is 0-2-3-3-0. The osteoderms consist of two rows of bony plates 
and spines of various shapes and two pairs of terminal tail spines 
plus a pair of parascapular spines. Autapomorphies include an 
oval lateral depression between the maxilla and premaxilla, a 
small process on the postorbital, a high maxillary tooth count 
(25-30 in adults), cranial dorsal ribs with intercostal flanges and 
flared distal ends, and all proximal carpals co-ossified to form a 
subcylindrical block (Sereno and Dong 1992). 

Stegosauridae has been defined as a stem-based name (Sereno 
1998, 1999a), so that this taxon contains all stegosaurs more 
closely related to Stegosaurus than they are to Huayangosaurus. 
The monophyly of Stegosauridae is supported by the following 
synapomorphies: the sacral ribs are T-shaped in parasagittal cross 
section (C17); the proximal caudal transverse processes have 
dorsal processes at their proximal ends (C19); the dorsal portions 
of the neural spines of proximal caudals are strongly expanded 
transversely relative to the rest of the spine (C23); the transverse 
width of the radius distal end is at least 38% of the radius 
length (C29); there is an enlarged supracetabular process (“anti- 
trochanter”) on the ilium (C38); the prepubis:pubic shaft length 
ratio is higher than 0.50 (C41); and the femur:humerus length ra- 
tio is higher than 1.40 (C44). 

Dacentrurus armatus is represented by a few partial skele- 
tons (length approximately 7 m) from the early Kimmeridgian 
of England, France, and Portugal (fig. 16.1D; Owen 1875, 1877; 
Nopcsa 1911a; Zbyszewski 1946; Lapparent and Zbyszewski 1957; 
Galton and Boiné 1980; Galton 1981b, 1985f, 1991) plus iso- 
lated referred bones from the Late Jurassic of Spain (Casanovas- 
Cladellas et al. 1995a, 1995b, 1999; Pereda-Suberbiola and Gal- 
ton 2001b). Derived characters include fusion of cervical ribs to 
vertebrae, dorsal vertebrae with massive centra that are wider 
than long with prominent lateral depressions, a deep prepubic 
process of the pubis, and long dermal tail spines with sharp lat- 
eral and medial edges. Dacentrurus is the sister group to the re- 
maining Stegosauridae (fig. 16.11) or to Stegosaurinae, depend- 
ing on the position of Chungkingosaurus. 

Stegosaurinae, a clade first recognized by Nopcsa (1915), has 
been defined as a stem-based name by Sereno (1998) such that 
it contains all taxa more closely related to Stegosaurus than to 
Dacentrurus. The synapomorphies supporting the monophyly 
of this clade are difficult to determine since they depend on 
which of the many possible higher stegosaur cladograms is used 
for character mapping (fig. 6.10). Here, the synapomorphies 
listed are those that unequivocally unite Kentrosaurus, Stegosaurus, 
and Wuerhosaurus. Synapomorphies supporting Stegosaurinae 
monophyly as currently defined include: the middle and caudal 
dorsals have fused prezygapophyses and fused postzygapophy- 
ses (C15); the neural spines of the proximal caudal vertebrae are 
at least twice the height of the centrum (C21); the transverse 
width of the humerus distal end is at least 40% of the humerus 
length (C28); the ulna is robust (C30); the femur:humerus length 
ratio is at least 1.5 (C45). 

Chialingosaurus kuani is known from one partial, medium- 
sized skeleton from the Oxfordian or Kimmeridgian of Sichuan 
(fig. 16.4H; Young 1959; Dong et al. 1983; Dong 1990b). It has a 
slender humerus and ulna, a femur with a broad-base triangular 
cranial trochanter and a pendent fourth trochanter, and a small 
platelike spine. 


Chungkingosaurus jiangbeiensis is known from several medium- 
sized partial skeletons (length 3-4 m) with cranial material (fig. 
16.4H) from the Oxfordian or Kimmeridgian of Sichuan (Dong 
et al. 1983; Dong 1990b, 1992:fig. 60). The humerus is primitive 
in retaining a proximal deltopectoral crest but derived in having 
broad ends. Another derived character is the presence of four 
pairs of terminal tail spines (Dong 1990b). The bony dermal 
plates are large and thick, and many are intermediate in form 
between plates and spines. 

Hesperosaurus mjosi is based on a 5-6 m long skeleton, lack- 
ing limbs and most of the scapula, from the Kimmeridgian or 
Tithonian of Utah, and is the oldest stegosaur from the New 
World (fig. 16.3E, F; Carpenter et al. 2001b). Autapomorphies in- 
clude a broad maxillary shelf, cervical ribs with expanded blades 
distally, a top of neural spines of proximal caudal vertebrae 
teardrop-shaped in cranial view, ossified epaxial tendons in dor- 
sal region, and cervical plates that are low and oval. 

Kentrosaurus aethiopicus is known from hundreds of bones, 
mostly disarticulated, from the Kimmeridgian of Tanzania (fig. 
16.1C, length approximately 5 m; Hennig 1915a, 1916a, 1916b, 
1924, 1936; Janensch 1924, 1936; Galton 1982b, 1988). How- 
ever, much of the material mentioned by Hennig (1924) can no 
longer be located and is presumed destroyed. Autapomorphies 
include a skull with a prominent paraquadrate foramen (fig. 
16.4E), neural arches are cranially directed in the caudal verte- 
brae, the neural spines of the distal two-thirds of the tail show a 
marked anticline, and there are plough-shaped hemal arches. 
The simple form of the cheek teeth, whose crowns bear only 
seven marginal denticles (fig. 16.4E, F), is probably an apomotr- 
phic reduction. The pattern of dermal armor is described in the 
“Anatomy: Osteoderms” section above). 

Lexovisaurus durobrivensis is represented by a few partial skele- 
tons (length approximately 6 m), lacking skulls, from the mid- 
dle Callovian of England and France (fig. 16.1F; Nopcsa 1911b; 
Galton et al. 1980; Galton 1985f, 1990a), but not Germany (con- 
tra Michelis et al. 1996). The size difference in the parascapular 
spine, which is either small or large, probably represents a sex- 
ual dimorphism. Autapomorphies include caudal centra in the 
proximal third of the tail with a large proximal chevron facet 
that unites with the distal one to give a V-shaped centrum in 
caudals 7 to 11, midcaudals with vertical neural spines, a pubis 
with a rugose central thickening, and osteoderms that include 
several large, tall, thin plates whose height is over twice the 
axial length. 

Stegosaurus is the largest stegosaur (length up to 9 minS. un- 
gulatus) and is represented by numerous remains from the late 
Kimmeridgian or Tithonian of the United States, mostly from 
Colorado, Utah, and Wyoming (figs. 16.1, 16.2, 16.5A-D, 16.6, 
16.7D, E, 16.8, 16.9; Marsh 1896; Gilmore 1914b, 1918; Ostrom 
and McIntosh 1966; Galton 1982a, 2001d, in prep. a; Czerkas 
1987; Czerkas and Czerkas 1990). The skull is characterized by a 
ventral process to the jugal. The proximal caudals have an apex 
to the neural spine that is greatly expanded transversely and a 
prominent dorsal process on the transverse process. The femur: 
humerus length ratio is 1.80 or more. The osteoderms consist 
mostly of a series of thin, large plates, with lengths equal to the 
vertical height. Material pertaining to several species of Stego- 
saurus is still to be described, so the synonymies given in table 
16.1 are tentative. Apart from two large dorsal plates and the 
proximal half of the tail (figured by Carpenter and Galton 2001), 
the original material of S. armatus is still to be prepared, but S. un- 
gulatus is probably a junior synonym that is characterized by 
sacral centra that are broad, rounded, and without keel, with tall 
neural spines to the sacrals and proximal caudals that are 


grooved dorsally, an elongate radius, ulna, and femur, with the 
middle part of the tail bearing paired caudal spine plates (figs. 
16.6I-S, 16.7E, 16.8A-J, M-O; Marsh 1896; Gilmore 1914b; Os- 
trom and McIntosh 1966); there are probably only two pairs of 
terminal tail spines rather than four (Carpenter and Galton 
2001). The basisphenoid is longer than the basioccipital in Stego- 
saurus armatus (Galton 2001d), as in Huayangosaurus, whereas 
the reverse is true in Stegosaurus stenops, as in Hesperosaurus 
and Tuojiangosaurus. In Stegosaurus stenops (approximately 7 m 
in length), the sacral centra have a decided ventral keel, the neu- 
ral spines of the sacrals and proximal caudals are proportionally 
shorter with transversely flat tops, the middle part of the tail 
bears thin plates, and there are two pairs of terminal tail spines 
(figs. 16.1A, 16.5A-D, 16.6A-H, T, U, 16.7D, Kk, L; Marsh 1896; 
Gilmore 1914b; Ostrom and McIntosh 1966; Carpenter 1998). 
S. longispinus (length approximately 7 m) is characterized by 
two pairs of elongate tail spines, the bases of which are subequal 
rather than the proximal pair having a much larger base (Gil- 
more 1914b). Diracodon laticeps Marsh, 1887, was resurrected by 
Bakker (1986) for the stegosaurid material from Marsh’s Quarry 
9 in Wyoming (see Ostrom and McIntosh 1966). However, the 
postcranial characters cited by Marsh (1887b, 1896) were based 
on juvenile individuals (see Gilmore 1914b) and the “maxillae” 
(“skull” of Marsh, not seen by Gilmore) are the dentaries of a 
juvenile; as they exhibit no autapomorphies, this taxon is a 
nomen dubium (Carpenter and Galton 2001). 

Tuojiangosaurus multispinus is known from two large partial 
skeletons (length 7 m) from the Oxfordian or Kimmeridgian 
of Sichuan (figs. 16.1E, 16.4A, B; Dong et al. 1977, 1983; Dong 
1990b, 1992:fig. 59; Dong and Milner 1998:48, 49). The proxi- 
mal caudals are unique in possessing craniolaterally oriented 
sheets on their neural spines. Osteoderms consist of 17 pairs of 
symmetrical bony plates and spines, some of which are spheri- 
cal in the neck region. Large high spines are found in the lum- 
bar and sacral regions. 

Wuerhosaurus homheni is represented by several fragmentary 
large individuals (length approximately 7 to 8 m) from the 
Valanginian or Albian of the Junggar Basin, Xinjiang Uygur 
Zizhiqu, People’s Republic of China (fig. 16.7K; Dong 1973). 
Autapomorphies include the elongate neural spines of the 
proximal caudals, a dorsally expanded distal end of the ischium, 
and osteodermal plates that are long, large, and low (Dong and 
Milner 1998:65). 

Wuerhosaurus ordosensis is represented by a vertebral series 
that includes the last three cervicals, eleven dorsal vertebrae (as 
in Hesperosaurus), five vertebrae sacrum and caudals 1-5, plus 
an ilium of a medium-sized (4 m long) adult individual from the 
Early Cretaceous of the Ordos Basin, Inner Mongolia, People’s 
Republic of China. It differs from W. homheni in the small size of 
the neural canal of each dorsal vertebra, in having caudal verte- 
brae with small centra, in having slender neural spines and weak 
transverse processes, and in the top of the first caudal not being 
expanded transversely or convex dorsally (Dong 1993b). 

Several species, which are well enough known but cannot be 
diagnosed or hierarchically positioned within Stegposaiuroia, 
have stratigraphic and/or biogeographic significance and there- 
fore are regarded here as Stegosauria incertae sedis. 

Craterosaurus pottonensis is represented by the neural arch of 
a dorsal vertebra (Seeley 1874; Nopcsa 1912; Galton 1981a, 1985f) 
from the Aptian (reworked from the?Valanginian or Barremian) 
of England, which is characterized by a unique deep excavation 
immediately caudal to the prezygapophyses. 

Dravidosaurus blanfordi is a small stegosaur from the Late Cre- 
taceous (Coniacian) of southern India (fig. 4C, D; Yadagiri and 
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Ayyasami 1979; Galton 1981a). It is described as having a pro- 
portionally smaller skull than other stegosaurs, with two supra- 
orbitals and a postorbital that is thin caudally. The ilium curves 
caudally and is narrow at the ischial peduncle. Osteoderms are 
large and triangular with thick bases (Anonymous 1978), and 
the tail spike has a uniquely expanded middle region. However, 
Chatterjee and Rudra (1996; also Chatterjee 1997) noted that 
they did not see the skull or plates, but suggested that Dravido- 
saurus was a plesiosaut, fragments of which were found at the 
same locality. However, the skull and plates of Dravidosaurus are 
certainly not plesiosaurian and consequently this material has 
to be redescribed. 

Monkonosaurus lawulacus is a medium-sized stegosaur (S m 
long) from the Late Jurassic or Early Cretaceous of Tibet that 
was originally listed just by name (Zhao 1983), and to date only 
a dorsal view of the sacrum has been published (Dong and Mil- 
ner 1988:97; Dong 1990b). It has large thin plates shaped like 
those of Stegosaurus, but the sacral neural spines are broad and 
lower than those of Kentrosaurus, Stegosaurus, and Wuerhosaurus. 

Paranthodon africanus (figs. 16.4G, 16.5G-I) from the 
Berriasian-Valanginian (de Klerk et al. 2000) of South Africa 
(Galton 1981a; Galton and Coombs 1981) has a snout region 
characterized by a uniquely long, broad, caudal process to the 
premaxilla. 


Taphonomy 


The European record of stegosaurs consists of single isolated car- 
casses that drifted downstream and disintegrated to varying de- 
grees before being deposited in marine sediments. Kentrosaurus 
is a minor element of the Tendaguru fauna of Tanzania, occur- 
ring in nearshore deposits thought to prevail in a warm climate 
with periodic droughts. Preservation favored medium-sized in- 
dividuals (Russell et al. 1980). Quarry St represents an enormous 
concentration of partly articulated and partly sorted remains. 
Hennig (1924) noted that several sacra were found together in 
one place; in another, a row of limb bones was found; and at 
another, vertebrae were especially numerous and manual and 
pedal bones were almost completely lacking. However, in 
Quarry X these elements were common, along with other scat- 
tered stegosaur bones (95% of the remains representing at least 
six individuals) that, like the other sites in the Upper Saurian 
Bed, probably represented attritional accumulation in a mainly 
limnic to brackish depositional environment (Heinrich 1999). 
In the Morrison Formation, the remains of species of Stego- 
saurus, Camptosaurus, Allosaurus, Apatosaurus, Camarasaurus, and 
Diplodocus are broadly distributed across a spectrum of litho- 
facies that includes channel sands, overbank variegated and 
drab mudstones, and floodplain limestone marls (Dodson et al. 
1980b). In contrast to the other genera, Stegosaurus occurs more 
frequently in channel sands that represent a concentration of 
bones from animals that probably spent much of their lives in 
floodplain areas. Stegosaurus may have been separated ecologi- 
cally from sauropods, perhaps inhabiting areas farther from 
sources of water. The remains of Stegosaurus in overbank mud- 
stones and floodplain limestone marls were probably buried 
where the animals died. Stegosaurus occasionally occurs as a 
single skeleton, but normally it is part of an accumulation of 20 
to 60 skeletons of other dinosaurs distributed over a small area 
and showing only a moderate to low degree of articulation. Mor- 
rison dinosaur carcasses (including those of Stegosaurus) usually 
decomposed in open dry areas or spent considerable time in 
channels prior to deposition. At the Carnegie Quarry in Utah 


360 DINOSAUR SYSTEMATICS 


the time of formation of the quarry assemblage ranged from a 
few months to only a few years, thereby recording ecological 
rather than evolutionary time (Fiorillo 1994). Almost complete 
Stegosaurus stenops from quarries at Garden Park, Colorado, 
occurs in assemblages that resulted from attritional and non- 
catastrophic mass mortality resulting from drought (Carpenter 
1998; Evanoff and Carpenter 1998). Quarry 13 at Como Bluff, 
Wyoming (Ostrom and McIntosh 1966), is unique because it 
consists of a concentration of Stegosaurus and Camptosaurus re- 
mains with only a few Camarasaurus remains. 

The degree of articulation of stegosaurs from Sichuan is 
greater than that found in remains from the Morrison Forma- 
tion. Several skeletons from Sichuan include skulls (see Dong 
et al. 1977, 1982, 1983; Zhou 1984; Sereno and Dong 1992), so 
the carcasses were buried more rapidly than were those of the 
Morrison Formation. The Lower Shaximiao Formation in which 
Huayangosaurus occuts consists of alternating deposits of fluvial 
and lacustrine facies. The dinosaur fauna occurs in sandstones 
that were deposited in a lakeshore shallow-bank environment 
under low-energy conditions (Xia et al. 1984). 


Paleoecology and Behavior 


There is dimorphism in the number of sacral ribs in Kentrosaurus 
aethiopicus (Galton 1982b), with females presumably having the 
extra sacral rib (Galton 1999b). Similar dimorphism is probably 
present in Dacentrurus armatus (fig. 16.7G; Lapparent and Zbys- 
zewski 1957:pl. 34; Galton 1991), Chungkingosaurus jiangheiensis 
(fig. 16.71; Dong et al. 1983:fig. 97), and Stegosaurus stenops (Gil- 
more 1914b; Ostrom and McIntosh 1966). The only other pos- 
sible evidence for sexual dimorphism is the marked difference 
in size of the parasacral spines of Lexovisaurus durobrevensis, 
being short with a small base (Nopcsa 1911b; Galton 1985f) or 
long with a large base (Galton et al. 1980; Galton 1990a). An 
undistorted but longitudinally sectioned supposed half egg 
(split surface 90 x 125 mm) was discovered associated with a par- 
tial skeleton of Dacentrurus from the Late Jurassic of Portugal 
(Lapparent and Zbyszewski 1957; Dantas 1991; Galton 1991). 
However, there is no shell so, rather than an egg, it isa nodule of 
some kind (Mateus, pers. comm.). 

Growth differences shown by the postcranial bones of juve- 
nile, subadult, and adult individuals of Stegosaurus (Galton 1982a, 
see also Gilmore 1914b; Ostrom and McIntosh 1966) are proba- 
bly true for all stegosaurs because they also occur in genera with 
a less complete representation of younger individuals, for ex- 
ample, Dacentrurus (Galton 1981b, 1991), Kentrosaurus (Hennig 
1924; Galton 1982b), and Lexovisaurus (Nopcsa 1911b; Galton 
1985f). Juvenile individuals differ from adults in the lack of fu- 
sion between bones (neural arch and vertebral centrum, scapu- 
lar and coracoid, carpal bones, distal ends of tibia, and fibular 
and proximal carpals). In the case of the sacrum, all the verte- 
bral elements and the ilia are separate bones and in stegosaurids 
there is no solid or almost solid dorsal shield (fig. 16.6H, I, Stego- 
saurus, Chungkingosaurus). The appendicular bones differ in the 
absence of prominent rugosities and in having smooth articular 
ends and a less massive form with less prominent condyles and 
processes (e.g., deltopectoral crest, olecranon process); the fe- 
mur has an unobliterated fingerlike cranial trochanter and no 
prominent longitudinal ossified cords. 

As in other ornithischians, Huayangosaurus has a space lateral 
to the maxillary and dentary tooth rows that is roofed by a hor- 
izontal ridge on the maxilla and floored by a more prominent 
ridge on the dentary (fig. 16.3A). These ridges were probably the 


areas of attachment for a structure that, although it was not 
close against the teeth, performed some of the functions of the 
cheeks of mammals. This cheeklike structure bordered a vestibule 
or space that would have received any chewed food that ended 
up lateral to the lower teeth. This sort of reconstruction was orig- 
inally suggested for the ceratopsian Triceratops by Lull (1903), 
who restored cheeks with a buccinator muscle for this genus 
(Lull 1908). Brown and Schlaikjer (1940a) argued against cheeks 
in ornithischians because the buccinator, a facial muscle inner- 
vated by a branch of the seventh cranial nerve, is characteristic 
of mammals and is not present in any living reptile. However, 
this argument does not preclude ornithischians (including 
Huayangosaurus and Regnosaurus) from having a cheeklike struc- 
ture that lacked a buccinator muscle (Galton 1973a; but see Papp 
1997). In Stegosaurus (also Chungkingosaurus and Kentrosaurus) 
the cheek was supported by the prominent dorsolateral edge, 
separated from the teeth more medially by a shelflike area, 
which more caudally becomes the dorsal lamina. Alternatively, 
it has been suggested that the horny beak or rhamphotheca at 
the front of the ornithischian mouth may have been followed 
either by reptilian lips (Czerkas 1998) or by acontinuation of the 
beak along the sides of the jaws (Czerkas 1998, 1999; Papp and 
Witmer 1998). Derived characteristics cited by Czerkas (1999) in 
support of a turtlelike beak on the lower jaw in Stegosaurus (also 
Chungkingosaurus, Kentrosaurus) include the elevated dorsal flange 
above the tooth row that is expanded transversely into a wide, 
dorsal shelf bordered rostrally by sharp edges medially and lat- 
erally, with the latter expanding dorsally to form the sheet that 
hides the teeth in lateral view (figs. 16.2J-L, 16.4H). Comparable 
characters also occur on the dentary in the Chelonia, but in this 
group the teeth are lost in both jaws. In addition, for stegosaurs, 
only the premaxilla (edentulous except in Huayangosaurus) pro- 
vides any evidence for a rhamphotheca and the tooth-bearing 
maxilla has no characters in common with the edentulous, beak- 
bearing maxilla of the Chelonia. A deep median keel along the 
length of the palate (formed by vomers, palatines, and ptery- 
goids, figs. 16.2C, 16.3D) probably provided support for a soft 
secondary palate that was supported laterally by the maxillae. 
This palate separated the more dorsal nasal passages from the 
oral cavity so that stegosaurs could continue to breathe while 
chewing food. The skull of stegosaurs formed a solid box and, 
owing to the fixed quadrate, the jaw-closing part of the chewing 
cycle involved an upward movement of the teeth of the lower 
jaw against those of the upper jaw without the complexities 
present in the Ornithopoda (Weishampel 1984a). The cranio- 
caudal length of the glenoid fossa approximates that of the 
quadrate condyle, so jaw action was strictly orthal (Barrett 2001). 

The teeth of stegosaurs (fig. 16.5) are obviously those of her- 
bivorous animals, but they are proportionally small and usually 
lack the prominent wear surfaces so well developed in most or- 
nithischians. A few wear facets are present on teeth of Huay- 
angosaurus, Paranthodon, and Stegosaurus (fig. 16.5C), but these 
are usually the result of tooth-food wear; the occasional tooth- 
tooth wear (cf. Popowics and Fortelius 1997) is the result of 
differences in the direction of tooth eruption rather than a sys- 
tematic occlusion (Barrett 2001). However, because they were 
obviously successful during the Middle and Late Jurassic, these 
animals presumably adopted a feeding strategy different from 
that of other ornithischians, and, as discussed by Farlow (1987a), 
there are several different possibilities. It is usually assumed that 
stegosaurs, because of their short forelimbs and long hindlimbs, 
were low browsers, feeding close to the ground. Bakker (1978, 
1986), in an exception to this opinion, suggested that stegosaurs 
would also have reared up on their hindlimbs, which, with the 


tail, acted as a tripod for balance while the animal was feeding 
on leaves high up in the trees (up to 6 m for the largest Stego- 
saurus). Carpenter (1998) argued against this posture, noting that 
it was unlikely because of the rigidity imposed on the straight 
tail by the plates (which rendered the series of unossified ten- 
dons unnecessary). As Coe et al. (1987) noted, elephants can 
easily stand on their hind legs but do not usually feed in this 
position. They regarded Stegosaurus as an important browser 
near the 1-m level (see also Weishampel 1984b), the maximum 
comfortable height to which it could raise its head without 
rising onits hind legs. Weishampel (1984b) suggested that in ad- 
dition to foliage, stegosaurs browsed on the fleshy parts of ben- 
nettitalean inflorescences plus the fructifications of the Nilsso- 
niales and Caytoniales plant groups. 

Forelimb and hindlimb proportions and manual and pedal 
morphology indicate a graviportal habit for stegosaurs (Coombs 
1978a). 

Marsh (1880b) was the first to note that Stegosaurus was pro- 
tected by a powerful armor that served for both defense and 
offense (for his changing ideas on mode of life, see Carpenter 
and Galton [2001]). Lull (1910b) referred to the armor plates and 
defensive spines, and Gilmore (1914b), while agreeing about 
the spines, noted that the plates were protective only to the 
extent of providing the animal with a more formidable appear- 
ance. Davitashvili (1961) also questioned the protective value of 
the plates, noting that their dorsal location along a narrow strip 
left the sides unprotected and that their basal insertion into the 
integument and their thinness meant that they were incapable 
of taking much weight from above. Hotton (1963) and Bakker 
(1986) have suggested that the horn-covered plates were mov- 
able from a recumbent position, through which they provided 
an effective flank defense with the largest plates over the espe- 
cially vulnerable hindlimb, to a vertical position for warding off 
attack from above. Bakker (1986) noted that, owing to the lack 
of ossified tendons and the presence of well-developed zyga- 
pophyses almost to the end of the caudal vertebrae, the power- 
ful tail was more flexible than that of other ornithischians. He 
also noted that, as a result of the proportions of the limbs, 
Stegosaurus could pivot easily on its long hindlimbs by pushing 
sideways with its short but powerful forelimbs (also Lull 1910a) 
using the extremely large deltopectoral muscles. Carpenter 
(1998) noted that the tail was carried high in the air parallel to 
the ground, a result of the superiorly facing caudal end surface 
of the last sacral centrum and the wedge-shaped centrum of 
the first caudal (fig. 16.1A, the same as in sauropods, cf. Gilmore 
{1932b]), with the expanded, bifid neural spines providing an 
additional attachment surface for the supraspinous and inter- 
spinous ligaments that helped to maintain the horizontal pos- 
ture without muscular effort. The horizontal posture was also 
aided by the bases of the large plates effectively locking seg- 
ments of vertebrae together (so ossified tendons were no longer 
necessary). This was also true for lateral motion of the tail but, 
because the limited degree of motion between the vertebrae was 
cumulative, the caudocaudally directed terminal tail spikes acted 
as a weapon that could be projected slightly more than 90° to the 
long axis of the body (Carpenter 1998:fig. 5B). 

The pattern of plates and spines is characteristic for each 
species, and it was probably important for intraspecific recogni- 
tion. Davitashvili (1961) assumed that the armor was important 
for ritual intraspecific displays for sexual selection within a hi- 
erarchical social system, and, as Spassov (1982) noted, the armor 
is ideally arranged for maximum effect during lateral display for 
agonistic behavior. Sexual dimorphism in the sacrum is known 
for several species of stegosaurs (?female with extra rib, Galton 
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1999b) and is probably reflected by the two sizes of parascapular 
spines in Lexovisaurus. However, the presence or absence of sex- 
ual dimorphism in the dorsal plates and/or spines cannot be de- 
termined for a particular species at present. 

Buffrénil et al. (1984, 1986) studied the histology of a plate 
of Stegosaurus (for textural and mineralogical analysis, see Brink- 
man and Conway 1985). The main site of active bone deposition 
and plate growth was the basal third of the plate, which was 
buried in a thick dermis rich in connective fibers. The system of 
anchoring Sharpey’s fibers in this region is symmetrical relative 
to the sagittal plane of the plate, so the plate was held erect and 
was not moved to and from a recumbent orientation by axial or 
skin muscles. The thin wall of the plate consists of incompletely 
remodeled bone surrounding a large cancellous region contain- 
ing large vascular channels. The apical two-thirds of the plate 
was skin covered with an extensive dermal vascular system, as 
indicated by the external system of large dichotomizing grooves. 
The surfaces of both plates lack any imprints that would indicate 
deposition of horn. Buffrénil et al. (1984, 1986) concluded that 
the plates could not have functioned as armor because they do 
not consist of thick, compact bone, and as they could not unfold 
suddenly, they were probably not used as an intraspecific deter- 
rent display structure. However, histology provides supporting 
evidence for the use of the plates as intraspecific agonistic (sex- 
ual display) structures and/or as thermoregulatory devices. In 
an alternating arrangement, they would have functioned well as 
forced-convection fins to dissipate heat (Farlow et al. 1976) or as 
heat absorbers (Seidel [1979] assumed that plates were movable). 
Buffrénil et al. (1984, 1986) emphasized the role of the richly 
vascularized skin supported by the scaffolding-like plate as the 
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heat-exchange structure and noted that a linear arrangement of 
the plates means that radiative and convective heat transfer may 
have been equally important. They noted that a heat-absorbing 
role for the plates makes sense if Stegosaurus was an ectotherm, 
whereas heat loss by radiation or forced convection would be 
useful if the metabolic regime of Stegosaurus was endothermic, 
acting as a heat-dumping system. 

Main et al. (2000) questioned the thermoregulatory function 
of the vertical plates of Stegosaurus, which are not present in most 
stegosaurs, and they favor a display and recognition function 
analogous to the varied cranial characters developed in other 
ornithischian groups. Their comparative histological studies 
show that the mostly flat parasagittal vertical plates and spikes of 
Stegosaurus grew mainly by basal osteogenesis, with some lateral 
periosteal deposition and extensive internal remodeling, so the 
plates evolved by hypertrophic growth of the parasagittal keel of 
basal thyreophoran scutes. Internal pipes and external groves 
are often present in broad, flat bones, including ceratopsian frills 
and the horns of artiodactyls, structures that do not have a pri- 
marily thermoregulatory role. They conclude that these vascular 
and histological features are best regarded as constructional arti- 
facts that reflect the processes and modes of bone growth. 

The large plates of Lexovisaurus are thin with an extensive 
series of grooves (see Galton 1985f) so, like Stegosaurus, they may 
also have had a thermoregulatory function (also true for large 
thin plates of Monkonosaurus). However, the dorsal plates of 
most other stegosaurs are much thicker and do not have a well- 
developed series of surface grooves. Hence, they were probably 
used just for display, as may well have been the case for Lexovi- 
saurus, Monkonosaurus, and Stegosaurus. 


SEVENTEEN 


Ankylosauria 


MATTHEW K. VICKARYOUS 
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Ankylosauria is a monophyletic clade of quadrupedal herbivo- 
rous dinosaurs characterized, at least in part, by the pervasive 
development of parasagittal rows of osteoderms across the dorso- 
lateral surfaces of the body and an unusual skull architecture 
with small denticulate teeth and an external investment of 
cranial ornamentation. With the possible exception of Africa, 
ankylosaurs are known from every continent (including Antarc- 
tica, Gasparini et al. 1987), distributed from the Kimmeridgian 
to the end of the Maastrichtian. 

Historically, the name Ankylosauria was introduced by Os- 
born (1923a), although the group was not diagnosed until sev- 
eral years later (Romer 1927, see also 1956, 1968). Whereas the 
apomorphic osteology of ankylosaurs has confounded many 
systematic efforts, members have long been considered to be 
closely allied with Stegosauria, based on the shared feature of 
integumentary ossifications (Marsh 1890a; Brown 1908). Cur- 
rent work suggests that the clade Ankylosauria is indeed the 
sister group of Stegosauria and that together with successive 
outgroups such as Scelidosaurus and Scutellosaurus it forms Thyre- 
ophora (Sereno 1986, 1999a; Sereno and Dong 1992; Pisani et al. 
2002). 

Prior to the work of Coombs (1971, 1978b), the chronicle of 
systematic organization within Ankylosauria was chaotic and 
confused (see review by Coombs [1971]). Although predating 
widespread use of phylogenetics in dinosaur biology, the 
two main groupings of ankylosaurs recognized by Coombs— 
Nodosauridae and Ankylosauridae—have since been broadly 
adopted (Maryanska 1977; Tumanova 1987) and subsequently 
corroborated with more recent genealogically based analyses 
(table 17.1; Sereno 1986, 1999a; Vickaryous et al. 2001b; Hill et 
al. 2003). 


Definition and Diagnosis 


The stem-based taxon Ankylosauria is defined as all eurypods 
closer to Ankylosaurus than to Stegosaurus (Sereno 1998). All 
of the recognized members of this clade (table 17.1) are united 
by the following unambiguous synapomorphies: cranial orna- 
mentation is present across the rostral region of the skull and 
the lateral surface of the angular; there are no antorbital, supra- 
temporal, or external mandibular fenestrae; the maxillary tooth 


row is inset from the lateral edge of the maxilla; multiple para- 
sagittal rows of osteoderms are present across the dorsal surface 
of the neck and postcervical region of the body; there is an 
imperforate acetabulum; and the synsacrum is composed of co- 
ossified dorsal, sacral, and caudal vertebrae. 


Anatomy 


Skull and Mandible 


The architecture of the ankylosaur skull includes a robust, 
akinetic skull, with the orbits and the external nares directed 
rostrolaterally (although the latter is subject to a degree of vari- 
ation), a comparatively gracile mandible with an abbreviated 
retroarticular process and reduced coronoid element, and a 
dorsoventrally depressed predentary (Maryanska 1977; Coombs 
1978b; Tumanova 1987; Coombs and Maryanska 1990; Carpen- 
ter and Kirkland 1998; Carpenter et al. 1998, 1999; Vickaryous 
and Russell 2003). Three major architectural novelties of the skull 
uniquely diagnose the clade: (1) the secondary closure of the 
antorbital, supratemporal, and external mandibular fenestrae 
(although there is no inherent assumption that these erasures 
are necessarily related); (2) the almost complete obliteration of 
cranial sutures across the dorsum; and (3) the development of 
an osseous ornamentation, including bosslike projections above 
the orbits and at the caudodorsal and caudoventral corners of 
the skull (Vickaryous et al. 2001a). Conjointly, all three archi- 
tectural modifications impede element identification and the 
establishment of homologies (especially across the dorsolateral 
surfaces of the skull) through the obfuscation of traditional 
morphological landmarks. Additional characteristic features 
of the ankylosaur skull include medially inset tooth rows on 
the maxillae and a small mandibular symphysis at which the 
contralateral elements never fuse. Ankylosaur teeth are small 
(compared to body size) and laterally compressed, with a raised, 
denticulate mesial-distal margin (Coombs and Maryanska 1990). 
Whereas all contacts between adjacent skull elements are fixed, 
evidence from at least one taxon suggests that the predentary- 
dentary contact was mobile, and the quadrate-articular jaw 
joint may not have been restricted to a simple orthal movement 
(Rybezynski and Vickaryous 2001). 
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TABLE I7.1 


Ankylosauria 
Occurrence Age Material 
Thyreophora Nopcsa, 1915 
Eurypoda Sereno, 1986 
Ankylosauria Osborn, 1923a 
Ankylosauridae Brown, 1908 
Gargoyleosaurus Carpenter, Miles, et 
Cloward, 1998 
G. parkpinorum Carpenter, Miles, et Morrison Formation Kimmeridgian- Skull, partial postcranium 
Cloward, 1998 (Wyoming), United States Tithonian 
Minmi Molnar, 1980d 
M. paravertebra Molnar, 1980d Bungil Formation Aptian Fragmentary postcranial 
(Queensland), Australia skeleton, osteoderms 
Unnamed Minmi species (Molnar 1996) Allaru Formation Albian Skeleton with skull, in situ 
(Queensland), Australia osteoderms 
Gastonia Kirkland, 1998a 
G. burgei Kirkland, 1998a Lower Cedar Mountain Berriasian- 2 skulls, 2 partial skulls, 
Formation (Utah), Hauterivian 4 or 5 partial skeletons 


Gobisaurus Vickaryous, Russell, Currie, 
et Zhao, 2001b 
G. domoculus Vickaryous, Russell, 
Currie, et Zhao, 2001 


Shamosaurus Tumanova, 1983 
S. scutatus Tumanova, 1983 


Ankylosaurinae Brown, 1908 
Tsagantegia Tumanova, 1993 
T. longicranialis Tumanova, 1993 


Tarchia Maryanska, 1977 
T. gigantea (Maleev, 1956) 
(= Dyoplosaurus giganteus Maleev, 1956, 
including T. kielanae Maryanska, 1977) 


Saichania Maryanska, 1977 
S. chulsanensis Matyanska, 1977 


Talarurus Maleev, 1952b 
T. plicatospineus Maleev, 1952b 


Pinacosaurus Gilmore, 1933b 
P. grangeri Gilmore, 1933b 
(=P. ninghsiensis Young, 1935b; 
Syrmosaurus viminicaudus Maleev, 
1952a) 


P. mephistocephalus Godefroit, 
Pereda-Suberbiola, Li, et Dong, 1999 


Tianzhenosaurus Pang et Cheng, 1998 
T. youngi Pang et Cheng, 1998 


United States 


Ulansuhai Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 


Hihteeg Svita, (Dornogov’), 
Hitihteeg Svita 
(Ovérkhangai), Mongolia 


Bayanshiree Svita 
(Dornogov’), Mongolia 


Baruungoyot Svita, 
Nemegt Formation, White 
Beds of Hermiin Tsav 
(Omnégov’), Mongolia 


Baruungoyot Formation, 
Red Beds of Hermiin Tsav 
(Omnégov’), Mongolia 


Bayanshiree Svita 
(Dornogov’), Bayanshiree 
Svita (Omnégov’), 
Mongolia 


Djadokhta Formation, 
Beds of Alag Teeg 
(Omnégov’), Mongolia; 
Djadokhta Formation 
(Nei Mongol Zizhiqu) 
Wangshi Group 
(Shandong), People’s 
Republic of China 

Djadokhta Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 


Huiquanpu Formation 
(Shanxi), Huiquanpu 
Formation (Hebei), 
People’s Republic of China 


Aptian-?Albian 


Aptian-Albian 


Cenomanian- 
Santonian 


?late 
Campanian- 
early 
Maastrichtian 


?middle 
Campanian 


Cenomanian- 
Campanian 


Plate 
Santonian- 
?middle 
Campanian 


?late Santonian 
or early 
Campanian 


Late Cretaceous 


Skull, ?7postcranium 


2 skulls, 1 partial skeleton 


Skull 


7 specimens, including 
complete and partial skulls 
with nearly complete 
postcranial skeleton, 
osteoderms 


3 specimens, including 
2 complete skulls, nearly 
complete postcranial 
skeleton, osteoderms 


More than 5 specimens, 
including 2 partial skulls, 
nearly complete skeleton, 
osteoderms 


More than 15 specimens, 


including numerous complete 


to partial skulls and 
articulated postcranial 
skeletons, osteoderms, 
juvenile to adult 


Skull, postcranial skeleton, 
osteoderms 


Skull, postcranial skeleton 


TABLE 17.1 (CONTINUED) 


Occurrence Age Material 
Ankylosaurus Brown, 1908 
A. magniventris Brown, 1908 Hell Creek Formation late 3 skulls, partial skeletons 
(Montana), Lance Maastrichtian 
Formation (Wyoming), 
United States; Scollard 
Formation (Alberta), 
Canada 
Euoplocephalus Lambe, 1910 

(= Stereocephalus Lambe, 1902; 

Anodontosaurus Sternberg, 1929b; 

Dyoplosaurus Parks, 1924; Scolosaurus 

Nopcsa, 1928c) 

E. tutus (Lambe, 1902) (= Stereocephalus Upper Two Medicine late More than 40 specimens, 
tutus Lambe, 1902, including Formation (Montana), Campanian- including 15 complete or 
Dyoplosaurus acutosquameus Parks, United States; Dinosaur early partial skulls, isolated teeth, 
1924; Scolosaurus cutleri Nopcsa, 1929; Park Formation, Horseshoe Maastrichtian 1 nearly complete skeleton 
Anodontosaurus lambei Sternberg, Canyon Formation with in situ osteoderms 
1929b) (Alberta), Canada 

Ankylosaurinae incertae sedis 
Nodocephalosaurus Sullivan, 1999 
N. kirtlandensis Sullivan, 1999 Lower Kirtland Formation late Partial skull 
(New Mexico), United Campanian, 
States or early 
Maastrichtian 
Nodosauridae Marsh, 1890a 
Cedarpelta Carpenter, Kirkland, Burge, et 

Bird, 2001la 

C. bilbeyhallorum Carpenter, Lower Cedar Mountain Berriasian- Skull, postcranium 
Kirkland, Burge, et Bird, 2001la Formation (Utah), United Hauterivian 

States 
Pawpawsaurus Lee, 1996 
P. campbelli Lee, 1996 Paw Paw Formation (Texas), —_ late Albian Skull 
United States 
Sauropelta Ostrom, 1970a 
S. edwardsorum Ostrom, 1970a Cloverly Formation late Aptian Several partial skeletons, 
(Wyoming), Cloverly 1 partial skull, numerous 
Formation (Montana), isolated postcranial 
United States elements, osteoderms 
Unnamed Sauropelta species Middle Cedar Mountain ?Aptian Skull and partial skeleton, 
Formation (Utah), United isolated sacrum 
States 
Silvisaurus Eaton, 1960 
S. condrayi Eaton, 1960 Dakota Formation (Kansas), late Aptian- Partial skeleton with skull, 
United States early sacrum 
Cenomanian 
Panoplosaurus Lambe, 1919 
P. mirus Lambe, 1919 (= Edmontonia Dinosaur Park Formation late Partial skeleton with complete 
rugosidens [Gilmore, 1930] partim) (Alberta), Canada Campanian skull, osteoderms, additional 
isolated teeth, postcranial 
elements, osteoderms 
Edmontonia Sternberg, 1928 

(= Chassternbergia Bakker, 1988; 

Denversaurus Bakker, 1988) 

E. longiceps Sternberg, Judith River Formation late 5 specimens, including 
1928 (including (Montana), Lance Campanian- complete skulls, much of the 
Denversaurus Formation (South Dakota), Maastrichtian skeleton, osteoderms 


schlessmani Bakker, 1988) 


United States; Dinosaur 
Park Formation, Horseshoe 
Canyon Formation, 

St. Mary River Formation 
(Alberta), Canada 


(continued) 
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Occurrence Age Material 
E. rugosidens (Gilmore, 1930) Judith River Formation, Campanian 4 specimens, including 
(= Palaeoscincus rugosidens Gilmore, 1930; Upper Two Medicine complete skulls, much of the 
Chassternbergia rugosidens [Gilmote, Formation, (Montana), skeleton, osteoderms 
1930]; Panoplosaurus rugosidens Ferris Formation 
[Gilmore, 1930]) (Wyoming), Aguja 
Formation (Texas), United 
States; Dinosaur Park 
Formation (Alberta), 
Canada 
Unnamed Edmontonia species Aguja Formation (Texas), Campanian- Skulls 
Upper Matanuska Maastrichtian 
Formation (Alaska), 
United States 
Unnamed Edmontonia species Hell Creek Formation Maastrichtian Skull, partial skeletons 
(Montana), Hell Creek 
Formation (South Dakota), 
Lance Formation 
(Wyoming), United States 
Nodosauridae incertae sedis 
Animantarx Carpenter, Kirkland, Burge, 
et Bird, 1999 
A. ramaljonesi Carpenter, Kirkland, Upper Cedar Mountain early Partial skull, skeleton 
Burge, et Bird, 1999 Formation (Utah), United Cenomanian 
States 
Struthiosaurus Bunzel, 1871 
(= Crataeomus Seeley, 1881; Danubiosaurus 
Bunzel, 1871; Pleuropeltis Seeley, 1881; 
Leipsanosaurus Nopcsa, 1918) 
S. austriacus Bunzel, 1871 (including Gosau Formation Campanian Fragmentary skull, tooth, 
Crataeomus lepidophorus Seeley, 1881; (Niederdsterreich), Austria isolated postcranial 
C. pawlowitschii Seeley, 1881 partim; elements, osteoderms 
Danubiosaurus anceps Bunzel, 1871 
partim; Hoplosaurus ischyrus Seeley, 1881; 
Pleuropeltis suessi Seeley, 1881 partim; 
Leipsanosaurus noricus Nopcsa, 1918) 
S. languedocensis Garcia et Pereda- Unnamed unit, (Hérault), Campanian Partial postcranium, teeth, 
Suberbiola, 2003 France osteoderms 
S. transylvanicus Nopcsa, 1915 Sanpetru Formation late Partial skeleton with 
(Hunedoara), unnamed Maastrichtian fragmentary skull, additional 
unit (Alba), Romania postcranial elements, 
osteoderms 
Ankylosauria incertae sedis 
Crichtonsaurus Dong, 2002 
C. bohlini Dong, 2002 Sunjiawan Formation Cenomanian- Partial skeleton 
(Liaoning), People’s Turonian 
Republic of China 
Dracopelta Galton, 1980a 
D. zbyszewskii Galton, 1980a Unnamed unit (Lisboa), Kimmeridgian Partial postcranium, 
Portugal osteoderms 
Hoplitosaurus Lucas, 1902a 
H. marshi (Lucas, 1901) (= Stegosaurus Lakota Formation (South Barremian Partial postcranial skeleton, 
marshi Lucas, 1901; Polacanthus marshi Dakota), United States osteoderms 
[Lucas, 1901]) 
Hylaeosaurus Mantell, 1833 (= Vectensia 
Delair, 1982) 
H. armatus Mantell, 1833 Hastings Beds (East late Partial skull, skeleton, isolated 
(= Hylosaurus mantelli Fitzinger, 1843; Sussex), Hastings Beds Berriasian- postcrania 
Hylaeosaurus oweni Mantell, 1844) (West Sussex), England Valanginian 
Mymoorapelta Kirkland et Carpenter, 
1994 
M. maysi Kirkland et Carpenter, 1994 Morrison Formation Kimmeridgian- —_ Skull fragments, portions of 
(Colorado) United States Tithonian 3 skeletons, other postcrania 


TABLE 17.1 (CONTINUED) 


Occurrence Age Material 
Niobrarasaurus Carpenter, Dilkes, et 
Weishampel, 1995 
N. coleii (Mehl, 1936) (= Hierosaurus Niobrara Chalk Formation Coniacian- Partial skeleton 
coleii Mehl, 1936; Nodosaurus coleii (Kansas), United States early 
[Mehl, 1936]) Campanian 
Nodosaurus Marsh, 1889b 
N. textilis Marsh, 1889b Frontier Formation, Mowry middle, Two fragmentary postcranial 
or Thermopolis Shale Cenomanian- skeletons, osteoderms 
(Wyoming), United States late Aptian 
Polacanthus Huxley, 1867 
P. foxii Hulke, 1881 (= Hylaeosaurus foxii Lower Greensand (Dorset), Barremian Partial skull, two partial 
[Hulke, 1881]; Polacanthus becklesi Wessex Formation, Vectis postcranial skeletons 
Hennig, 1924) Formation, Lower 
Greensand (Isle of Wight), 
England 
P. rudgwickensis Blows, 1996 Weald Clay (West Sussex), Barremian Vertebrae, partial fore- and 
England hindlimbs, osteoderms 
Sarcolestes Lydekker, 1893c 
S. leedsi Lydekker, 1893c Lower Oxford Clay, Callovian Partial mandible 
(Cambridgeshire), England 
Stegopelta Williston, 1905 
S. landerensis Williston, 1905 Frontier Formation middle Partial postcranium, 
(Wyoming), United States Cenomanian osteoderms, fragments of 
skull 
Texasetes Coombs, 1995b 
T. pleurohalio Coombs, 1995b Paw Paw Formation (Texas), —_ late Albian Partial skeleton 
United States 
Provisional Ankylosauria incertae sedis 
Amtosaurus Kurzanov et Tumanova, 1978 
A. magnus Kurzanov et Tumanova, 1978 —_ Bayanshiree Svita Cenomanian- Fragmentary skull 
(Omnégov’), Mongolia Santonian 
A. archibaldi Averianov, 2002 Bissekty Formation, late Turonian- Partial skull 
(Bukhoro), Uzbekistan Coniacian 
Anoplosaurus Seeley, 1879 
A. curtonotus Seeley, 1879 Cambridge Greensand late Albian Partial postcranium 
(Cambridgeshire), England 
Liaoningosaurus Xu, Wang, et You, 
2001b 
L. paradoxus Xu, Wang, et You, 2001b Yixian Formation Barremian Partial skull, skeleton 


(Liaoning), People’s 
Republic of China 


Nomina dubia Material 


Acanthopholis eucercus Seeley, 1869 Two caudal centra 
(doubtfully ankylosaurian) 

Acanthopholis horridus Huxley, 1867 

Acanthopholis macrocercus Seeley, 1869 

Acanthopholis platypus Seeley, 1869 partim 

Acanthopholis stereocercus Seeley, 1869 partim 


Aletopelta coombsi Ford et Kirkland, 2001 


Osteoderms 


Partial skull 


Anoplosaurus major Seeley, 1879 partim Cervical vertebra 
Brachypodosaurus gravis Chakravarti, 1934 Humerus 
Cryptosaurus eumerus Seeley, 1869 Femur 


(type of Cryptodraco Lydekker, 1889f) 

Danubiosaurus anceps Bunzel, 1871 partim 
(partim type of Pleuropeltus suessi Seeley, 1881; 
partim type of Crataeomus pawlowitschii Seeley, 1881) 


Edmontonia australis Ford, 2000 Osteoderms 
Eucercosaurus tanyspondylus Seeley, 1879 Vertebrae 
Glyptodontopelta mimus Ford, 2000 Osteoderms 


Phalanx, caudal centra 


Teeth, fragmentary postcranium 


Indeterminate fragments 


Teeth, postcranial elements, osteoderms 


(continued) 
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Nomina dubia 


Material 


Hierosaurus sternbergi Wieland, 1909 
Iguanodon phillipsii Seeley, 1869 

(type of Priodontognathus Seeley, 1875) 
Lametasaurus indicus Matley, 1923 partim 
Onychosaurus hungaricus Nopcsa, 1902a 
Palaeoscincus asper Lambe, 1902 
Palaeoscincus costatus Leidy, 1856 
Palaeoscincus latus Marsh, 1892b 
Peishansaurus philemys Bohlin, 1953 

(doubtfully ankylosaurian) 
Polacanthoides ponderosus Nopcsa, 1929a 
Priconodon crassus Marsh, 1888a 
Rhadinosaurus alcinus Seeley, 1881 


Osteoderms 
Maxilla with several teeth 


Sacrum, ilia, tibia, spines, armor 
Vertebrae, osteoderms 

Tooth 

Tooth 

Tooth 

Very fragmentary jaw with 1 tooth 


Tibia 
Teeth, tibia 
Indeterminate fragments, ?2 humeri, ?2 vertebrae 


(doubtfully ankylosaurian) 


Rhodanosaurus lugdunensis Nopcsa, 1929a Osteoderms 

Sauroplites scutiger Bohlin, 1953 ?Ilium, ribs, osteoderms 

Shanxia tianzhensis Barrett, You, Upchurch, et Burton, 1998 Partial skull 

Stegosaurides excavatus Bohlin, 1953 Fragmentary vertebrae, isolated elements 
Sygonosaurus macrocercus Seeley, 1879 Vertebrae 


Syrmosaurus disparoserratus Maleev, 1952a 
(type of Maleevus Tumanova, 1987) 
Tianchiasaurus nedegoaperferima Dong, 1993d 


Fragmentary skull 


Partial skeleton 


Although material providing information on sutures is not 
available for most taxa, there are extraordinary specimens in 
which sutural contacts are not obliterated nor the dorsum 
completely embossed with extensive osseous ornamentation. 
Currently, such material is known from only four taxa: Pinaco- 
saurus grangeri from China and Mongolia (fig. 17.1), P. mephisto- 
cephalus from China, Minmi from Australia (fig. 17.2A, B), and 
Cedarpelta from the United States (fig. 17.2C, D). A fifth prob- 
lematic taxon, Liaoningosaurus paradoxus from China, also has 
unfused cranial elements, although a detailed description of the 
skull is not yet available. Vickaryous and Russell (2003) pro- 
posed a methodology for discussing ankylosaur skull morphol- 
ogy based on the topographic segregation of elements into 
several mutually exclusive but not necessarily developmentally 
discrete regions. Placement of individual elements into regions 
is supported by the position of the element within Pinacosaurus, 
Minmi, and Cedarpelta, and is supplemented by data from succes- 
sive outgroups (stegosaurs and basal thyreophorans). Elements 
located in advance of a hypothetical transverse plane immedi- 
ately rostral to the orbit are components of the rostral region 
(fig. 17.3A); elements caudal to this plane (excluding bones 
within the orbit), along the dorsolateral surfaces of the skull are 
components of the temporal region (fig. 17.3B). The elements 
that form the roof of the oral cavity excluding the premaxilla and 
maxilla constitute the palatal region (fig. 17.3C). The braincase, 
interorbital elements, and quadrate represent the occipital/ 
basicranial region (fig. 17.4), and the mandible and predentary 
are presented as the mandibular region (fig. 17.5). 

The rostral region (fig. 17.3A) includes five paired elements: 
the premaxilla, maxilla, nasal, prefrontal, and lacrimal. In the 
majority of taxa, delineation of topographic margins for each 
element is virtually impossible and, consequently, morpho- 
logical descriptions are often limited. 

The premaxilla is situated at the rostral terminus of the skull 
proper, bounding (in part) the external naris (and associated 
nasal vestibule) and the paranasal aperture(s) (when present), and 


368 DINOSAUR SYSTEMATICS 


partially roofing the oral cavity. Although variable among taxa, 
the premaxilla frequently occupies a large proportion (up to 50%, 
Maryanska 1977; Molnar 1996; Godefroit et al. 1999) of the over- 
all length of the rostral region. In palatal view (figs. 17.6, 17.7), 
the premaxilla forms the greater part of the tomium. The tomial 
crest may be restricted to an extreme rostral position (a condition 
directly correlated with the presence of premaxillary teeth: Gar- 
goyleosaurus), extend caudally across the premaxillary-maxillary 
contact in confluent alignment with the maxillary tooth row (Ed- 
montonia, fig. 17.7A), or extend caudally across the premaxillary- 
maxillary contact before terminating in a position lateral to the 
maxillary tooth row (Ankylosaurus, fig. 17.7B). Among ankylo- 
saurs, the presence of premaxillary teeth is uncommon. 

In palatal view, the interpremaxillary suture is frequently 
obliterated, although its presence may be inferred by a shallow 
longitudinal furrow and/or an oblong depression. A premaxil- 
lary notch, which varies from an inverted V-shape to an inverted 
U-shape, incises the interpremaxillary suture at its most rostro- 
ventral point, especially among ankylosaurids (fig. 17.6). Directly 
caudal to the premaxillary notch along the palatal surface of 
each premaxilla is a caudodorsally inclined parasagittal incisive 
foramen. Some ankylosaurs (Ankylosaurus, Pinacosaurus grangeri, 
Saichania, Maryanska, 1977) have a second, more caudally posi- 
tioned pair of foramina. 

Externally the premaxilla may bear a number of foramina, 
foveae, shallow furrows, and even (at least among nodosaurids 
and Ankylosaurus) cranial sculpturing. Dorsolaterally, the mor- 
phology of the premaxilla and the position of sutural contacts 
with adjacent elements (nasals) is obscured. However, the 
premaxillary-maxillary contact may be traced in the palatal 
view as a narrow furrow that undulates rostrally from a position 
ventral to the external nares before circumventing the alveolar 
ridge of the maxilla and then continuing caudomedially. Con- 
tact between the premaxilla and the vomer along the palatal 
surface is frequently indistinct, although when present the vomer 
invades the premaxilla along the interpremaxillary suture (fig. 


FIGURE 17.1. Skull of Pinacosaurus grangeri: A, dorsal; B, ventral; C, occipital; D, left lateral; E, rostral views. Scale = 10 cm. 
(After Maryanska 1977.) 


FIGURE 17.2. Ankylosaur skulls: A, B, Minmi sp., dorsal and right lateral 
views; C, D, Cedarpelta bilbeyhallorum, dorsal and right lateral views. 
Scale = 10 cm. (A, B after Molnar 1996; C, D after Carpenter et al. 2001a.) 


17.6A, Gobisaurus). In Minmi, Cedarpelta, and subadult Pinaco- 
saurus, the dorsolateral morphology of the premaxilla is at least 
partially visible (figs. 17.1, 17.2, Maryanska 1977; Molnar 1996; 
Godefroit et al. 1999; Carpenter et al. 2001a). 

The external nares are separated from one another by the 
internarial bar, a medially positioned extension of the pre- 
maxilla that arcs caudodorsally. In Tsagantegia and Pinacosaurus 
grangeri, the internasal bar fuses with the vomers sagittally, 
forming the rostral extension of the osseous nasal septum (Tu- 
manova 1993; Hill et al. 2003). Furthermore each external naris 
may be subdivided by one or more additional processes of the 
premaxilla, the intranasal processes (fig. 17.8). Orientation of 
the intranasal process of the premaxilla is variable among taxa, 
ranging from vertical in Euoplocephalus to horizontal in Saichania. 
Partitioning of the external naris by the intranasal processes of 
the premaxilla results in the formation of one or more adjacent 
openings—the paranasal apertures—that lead to paranasal sinus 
cavities variably enclosed within the premaxilla and/or maxilla 
(figs. 17.1, 17.9, Maryanska 1977; Godefroit et al. 1999; Vickaryous 
et al. 2001b; Hill et al. 2003; Vickaryous and Russell 2003). 

The maxilla is the principal element housing the upper den- 
tition. In palatal view it may contribute to the caudal terminus 
of the tomial crest, as in Euoplocephalus, although this edge is 
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FIGURE 17.3. Skull of Euoplocephalus tutus: A, rostral region, oblique 
rostrodorsolateral view; B, temporal region, oblique caudodorsolateral 
view; C, palatal and occipital/basicranial (in ellipse) regions, oblique 
caudoventral view. Not to scale. (After Vickaryous and Russell 2003.) 


FIGURE 17.4. Occipital/basicranial region of Euoplocephalus tutus, right 
lateral view. Scale = 10 cm. (After Vickaryous and Russell 2003.) 


formed from a fused osteoderm in subadult Pinacosaurus grangeri. 
Apomorphic for Ankylosauria, the maxillary tooth row is inset 
medially from the lateral border of the maxilla, thereby bisect- 
ing the palatal surface into buccal and lingual portions (Russell 
1940a). Buccal emargination varies in cross-sectional morphology 
from a flat, planar shelf in Gargoyleosaurus to one that is deeply 
vaulted in ankylosaurines. In Edmontonia, contact between the 
premaxillary tomial crest and the maxillary tooth row decouples 
the premaxillary palate from the buccal emargination (fig. 17.7A). 
Alternatively, lateral displacement of the tomial crest in Euoplo- 
cephalus and Ankylosaurus permits confluence between the pre- 
maxillary palate and the buccal emargination (fig. 17.7B). 
Medial to the tooth row, the lingual portion of the maxilla 
undulates dorsally as a smooth, vaulted surface forming the 
choanal recess (Hill et al. 2003). Proximal to the alveoli proper 
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FIGURE 17.5. Mandible of Euoplocephalus tutus: A, predentary, ventral 
view; B, C, mandible, medial, and lateral views. Scale = 10 cm. (After 
Vickaryous and Russell 2003.) 
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FIGURE 17.6. Ankylosaur palate: A, Gobisaurus domoculus; 
B, Euoplocephalus tutus. Scale = 10 cm. (A after Vickaryous et al. 
2001b; B after Vickaryous and Russell 2003.) 


along the alveolar border lies a subparallel row of foramina (spe- 
cial foramina, sensu Edmund 1957), within which the crowns 
of replacement teeth or the roots of the occluding dentition 
are often identifiable. These foramina are frequently irregular in 
distribution and morphology, although the general diameter 
corresponds to the width of the cusp. Dorsomedially beyond 
the special foramina, the lingual portion of the maxilla alterna- 
tively contributes to the rostral border of the internal naris, as in 
Gargoyleosaurus, or to a palatal shelf, the rostrodorsal secondary 
palate (Tumanova 1983; Coombs and Maryanska 1990) forming 
the floor of the respiratory passage and the rostral margin of the 
internal naris. In addition to this lingual maxillary shelf, the 
rostrodorsal secondary palate also receives contributions from 
the vomer, although the sutural contacts between these elements 
are invariably damaged and/or obliterated. 


FIGURE 17.7. Ankylosaur skull in palatal view: A, Panoplosaurus mirus; B, Ankylosaurus magniventris. Scale = 10 cm. (After Coombs 1978b.) 
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FIGURE 17.8. Gobisaurus domoculus, right lateral view. Scale = 10 cm. 
(After Vickaryous et al. 2001b.) 


The maxillary tooth row resides along a ventrally projecting 
ridge, the alveolar border, noted earlier as the line of subdivision 
between the buccal and lingual portions of the maxilla. Char- 
acteristically, the alveolar border of ankylosaurs is medially de- 
flected, with the minimum span between juxtaposed tooth rows 
occurring within the rostral third of the element and the maxi- 
mum separation occurring at the distal tooth positions (figs. 
17.6, 17.7). Caudal to the last tooth position, the alveolar border 
becomes rugose, forming an alveolar tuberosity. The premaxil- 
lary and/or maxillary tomium may project ventrally past the 
horizontal plane in which the teeth lie, thus obscuring the most 
mesial tooth positions of the alveolar border from lateral view 
(Hill et al. 2003; Vickaryous and Russell 2003). 

In addition to the aforementioned contacts along the palate 
with the premaxilla and vomer, the maxilla also contacts the 
jugal, ectopterygoid, and palatine, although in many taxa these 
junctions are obliterated or not exposed. Subadult Pinacosaurus 


grangeri have contact between the maxilla and palatine adjacent 
to the fifth maxillary tooth position, although this suture may 
be partially obscured in palatal view (fig. 17.1B). 

Delineation of the topographic margins of the maxilla along 
the dorsolateral surface of the cranium is virtually impossible 
in most taxa. Pinacosaurus and Minmi confirm that the maxilla 
contacts the premaxilla rostrally, the nasal rostrodorsally, the 
lacrimal caudodorsally, and the jugal caudally. These taxa fur- 
ther verify the complete absence of the antorbital fenestra. The 
disarticulated maxilla of Liaoningosaurus has a concave caudal 
border that might represent a fenestral margin (Xu et al. 2001b). 
The maxilla contributes to the caudal margin of the external 
naris in Minmi, but not in Pinacosaurus. The situation is equivo- 
cal for the majority of taxa. 

The nasal of ankylosaurs has rarely been described. In Pinaco- 
saurus and Minmi, the nasals abut each other medially, forming 
a lengthy continuation of the interpremaxillary suture (the 
internasal suture). At its caudal extremity, the nasal contacts 
the frontal in line with the midpoint of the orbit, along a lengthy 
transversely oriented serrate suture. Rostrally, the nasal expands 
laterally, giving the element a subrectangular (Minmi) or pen- 
tagonal (Pinacosaurus) appearance in dorsal view. 

The morphology of the lateral contribution of the nasal dif- 
fers between Pinacosaurus and Minmi. In the former, the nasal 
contributes to a large portion of the preorbital region before 
arcing dorsal to the prefrontal-lacrimal complex. In Minmi, the 
premaxilla and maxilla preclude the nasal from contributing 
to the lateral aspect of the antorbital region (Molnar 1996). In 
Talarurus (Tumanova 1987) and Euoplocephalus, the nasal con- 
tributes to the roof of the nasal cavity, including the sagittally 
subdividing osseous nasal septum. 

The prefrontal is positioned caudolateral to the nasal, 
rostrolateral to the frontal, rostromedial to the supraorbital(s), 
and dorsal to the lacrimal. In dorsal view the prefrontal is sub- 
rectangular, oriented obliquely rostrolaterally with respect to the 
sagittal plane, and forms the continuation of the lateral margin 
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FIGURE 17.9. Ankylosaur nasal cavity: A-D, transverse computer tomographic sections through the skull 

of Edmontonia rugosidens in left lateral view; E, F, schematic illustration of the nasal cavity proper passing 
through the rostrum of Edmontonia, based on a reconstruction of the computer tomographic images; 

G-K, transverse computer tomographic sections through the skull of Euoplocephalus tutus in left lateral view; 
L, only the left half of each transverse computer tomographic image is depicted; M, schematic illustration 
of the nasal cavity proper passing through the rostrum of Euoplocephalus, based on a reconstruction of the 
computer tomographic images. Note the presence of paranasal sinus cavities ventrolateral to the nasal 
cavities proper in each taxon. Scale = 10 cm. (G-K, M after Vickaryous and Russell 2003; L after Rybczynski 


and Vickaryous 2001; modified from Coombs 1978b.) 


of the rostrum (following the nasals). Laterally, the prefrontal 
may be virtually absent (Minmi) or contribute to a minor rec- 
tangular portion of the rostral region (Pinacosaurus). 

The lacrimal forms the rostral margin of the orbit (viz. 
Pinacosaurus, Minmi, and Cedarpelta). Laterally the lacrimal of 
Pinacosaurus and Cedarpelta is subrectangular. In contrast, the 
lacrimal of Minmi is slender and wedgelike, following the rostral 
margin of the orbit and tapering toward the ventral contact with 
the maxilla. Along the rostromedial border of the orbit the 
lacrimal may be perforated by the caudal nasolacrimal aperture 
(lacrimal foramen, Maryanska 1977; Sullivan 1999; lacrimal duct, 
Carpenter et al. 2001a). A second lacrimal foramen was reported 
by Tumanova (1987), although the homology of this canal is 
unclear. The lacrimal contacts the maxilla rostroventrally, the 
jugal caudoventrally, and the supraorbital(s) caudodorsally. In 
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subadult Pinacosaurus and Cedarpelta, the lacrimal contacts the 
prefrontal rostrodorsally. Medially, a process of the lacrimal of 
Pinacosaurus contributes to the rostromedial wall of the orbit 
(Maryanska 1977; Tumanova 1987). 

Similar to their rostral region counterparts, the six elements 
composing the temporal region (supraorbital, jugal, frontal, 
parietal, squamosal, and quadratojugal, fig. 17.3B) are rarely 
discrete or demonstrable. With the possible exception of the 
frontal and parietal, all temporal region elements are paired. 

The supraorbital bones are positioned as a complex or series 
of irregularly shaped elements spanning the dorsal margin of 
each orbit. In addition to their circumferential location with 
respect to the orbit, the supraorbitals may be characterized by 
the frequent appearance of ornamental elaboration(s), resem- 
bling wedgelike bosses (in Saichania) or rounded prominences 


(in nodosaurids). For the majority of ankylosaur taxa, identifi- 
cation of the supraorbitals is restricted to their ornamental em- 
bellishment (i.e., boss or protrusion) and consequently their 
number and exact morphology are generally unknown. 

The supraorbital series is clearly illustrated in subadult Pinaco- 
saurus (fig. 17.1A, D, E). Above each orbit are three individual 
supraorbital elements. The rectangular rostral (presupraorbital) 
and caudal (postsupraorbital, Maryanska 1971, 1977) supra- 
orbitals contribute equally to the lateral margin of the orbit. The 
pentagonal medial supraorbital (postfrontal, Maryanska 1971, 
1977), interposed between the prefrontal, frontal, postorbital, 
and rostral and caudal supraorbitals, forms the bulk of the or- 
bital roof. Laterally only the rostral and caudal supraorbitals are 
visible. Rostrally the complex contacts the prefrontal before 
abruptly terminating at the lacrimal, near the dorsal third of 
the orbit. The caudal supraorbital forms the greater part of the 
prominent boss. 

Asupraorbital element was also identified in Minmi (fig. 17.2A; 
Molnar 1996), although the morphology of this element differs 
considerably from Pinacosaurus. Dorsally only one supraorbital 
element is visible, consisting of a mediolaterally compressed 
pentagon interposed between the prefrontal and “squamosal.” 
In lateral profile the supraorbital is dorsoventrally depressed 
and makes contact with the “squamosal” caudally, the lacrimal 
rostrally, and an unidentified element, possibly an osteoderm or 
a second supraorbital (Molnar 1996), caudoventrally. 

Euoplocephalus has modified ciliary supraorbitals or palpe- 
brals in close association (even articulation) with the roof of 
the orbit (Coombs 1972; Vickaryous and Russell 2003). Shaped 
like a quarter-sphere with a deeply concave medial surface and 
strongly convex lateral surface, the palpebral is not integrated 
into the skull, but remains unconstrained, interpreted as hav- 
ing been associated with the eyelid (Coombs 1972). Lee (1996) 
described a pair of unremarkable subovoid bony elements as- 
sociated with the skeleton of Pawpawsaurus as “palpebrals,” 
comparable to those of Euoplocephalus. Although presumed to 
articulate with the dorsal rim of the orbit (thereby acting as a 
laterally oriented osseous awning Lee [1996]), the putative pal- 
pebral of Pawpawsaurus was not found in association with the 
orbit. While the homology of this ossification with either the 
modified supraorbital of Euoplocephalus or any other ankylosaur 
element remains equivocal, it should be noted that several taxa 
of modern crocodylians (Alligator, Paleosuchus) have a similarly 
positioned, loosely articulating element. 

The postorbital forms the caudal margin of the orbit and may 
be subdivided into three distinctive regions: a dorsal surface, a 
lateral surface, and a medial (postocular) septum (Maryanska 
1977). This tripartite morphological arrangement is well pre- 
served in Saichania and subadult Pinacosaurus grangeri. In dorsal 
view the postorbital forms a deltoid wedge between the supra- 
orbital and squamosal bosses. In profile, the lateral aspect of the 
postorbital is irregular, arching around the caudal supraorbital 
before contacting the ventral half of the orbital margin. Rostro- 
ventrally, the postorbital makes an abbreviated contact with 
the jugal in Pinacosaurus grangeri, but this junction is absent in 
P. mephistocephalus. The vertically oriented caudal articulation 
with the quadratojugal (secondary dermal plate, Maryanska 
1977; Godefroit et al. 1999) is elongate, terminating dorsally at 
the squamosal contact. Apomorphic for deeply nested ankylo- 
saurids is the postocular shelf, a transverse wall of bone with a 
concave rostral surface that occludes the caudal border of the 
orbit (Haas 1969). The postocular shelf is a composite structure, 
receiving major contributions from the postorbital, jugal, and 
laterosphenoid (Maryanska 1977). In subadult Pinacosaurus gran- 


geri, the postocular shelf is erected at the caudal margin of the 
orbit, corresponding to the juncture between the postorbital 
and the jugal. The shelf extends medially contacting the basi- 
cranium near the basioccipital-basisphenoid articulation. 

The jugal forms the ventral margin of the orbit, spanning 
a characteristically shallow suborbital arch (fig. 17.8; Sereno 
1999a). Ventrally the jugal provides a short, tapering continu- 
ance of the buccal emargination, frequently including an obtuse 
extension of the tomial crest. Subadult Pinacosaurus confirm 
earlier interpretations (Coombs 1971) of the jugal articulating 
with the maxilla rostrally, the lacrimal rostrodorsomedially, the 
postorbital caudodorsomedially (giving rise to the postocular 
shelf), and the quadratojugal caudally (Maryanska 1971, 1977). 
The jugal may also form a narrow contact with the ectoptery- 
goid along the palate, caudomedial to the tooth rows. The jugal 
and the pterygoid do not come into direct apposition with one 
another (contra Tumanova 1987). 

Various authors have described triangular or cornuate orna- 
mentation associated with the jugal of ankylosaurs. However, 
more recent reviews (Vickaryous et al. 2001a; Vickaryous and 
Russell 2003) suggest that for most taxa the caudoventral orna- 
mentation of ankylosaurts is largely restricted to the quadrato- 
jugal. The “jugal” of Minmi forms the ventral margin and floor 
of the orbit, and the entire caudoventral portion of the skull 
(Molnar 1996). Caudally this “jugal” overlaps the quadratoju- 
gal, completely obscuring it from lateral view. 

In subadult Pinacosaurus (Maryanska 1971, 1977; Godefroit 
et al. 1999) and Cedarpelta (Carpenter et al. 2001a), the paired 
rectangular frontals are positioned as the caudal continuances 
of the parasagittal nasals (figs. 17.1A, 17.2C). Along with the 
nasal, the frontal adjoins the prefrontal (rostrally); it also con- 
tacts the medial supraorbital (laterally) and the parietal (cau- 
dally). In Minmi the frontals have coalesced into an unpaired 
element with a hexagonal outline (fig. 17.2A). In addition to 
forming the most medial segment of the orbit roof, the ventral 
surface of the ankylosaur frontal contributes to a number of 
composite partitioning structures, as inferred from Talarurus 
(Tumanova 1987) and Euoplocephalus (Vickaryous and Russell 
2003), exhibiting complete palatal truncation. Extrapolating a 
general topographic position for the frontal based on Pinaco- 
saurus and Minmi, this element plays a role in the formation of 
the sagittal septum subdividing the paired respiratory pathways 
(the osseous nasal septum) and the rostrolaterally oriented wall 
that encloses the rostral margin of the orbit. Additionally, a ven- 
tral process of the frontal may contribute a variable component 
to the postocular shelf (Carpenter et al. 2001a). Furthermore, 
Maryanska (1977) suggested that the internal surface of the 
subadult Pinacosaurus frontal also bears transverse ridges corre- 
sponding to the rostral limits of the basicranium and shallow 
furrows near the frontal-parietal contact demarcating the ar- 
ticulation point for the laterosphenoids. Grooves within the 
sagittal septum subdividing the paired respiratory paths of Ta- 
larurus have been interpreted as the conduits for transmitting 
the olfactory nerves to the nasal cavity (Tumanova 1987). 

The parietal roofs the back of the braincase, additionally 
forming the medial portion of the occipital margin. Some sub- 
adult Pinacosaurus grangeri have paired parietals (Maryanska 1971, 
1977:fig. 17.1A), although in larger individuals of P. mephisto- 
cephalus the parietals are fused into one element (Godefroit et al. 
1999; Hill et al. 2003). In occipital view the parietal is situated 
dorsal to the supraoccipital, contacting the latter via a ventrally 
projecting knoblike process. This process is received within a 
shallow juxtaposed parasagittal depression along the dorsal sur- 
face of the supraoccipital. In ankylosaurines contact between 
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FIGURE 17.10. Ankylosaur skull in dorsal view: A, Panoplosaurus mirus; B, Saichania chulsanesis; 
C, Ankylosaurus magniventris. Scale = 10 cm. (A, C after Coombs 1978b; B after Maryariska 1977.) 


the parietal and the supraoccipital is obscured from dorsal view 
by a caudally projecting nuchal shelf, which is frequently char- 
acterized by transversely oriented, raised cranial sculpturing. 
Together with the ventrally positioned quadratojugal, the 
dorsally located squamosal forms the caudolateral margin of 
the cranial ornamentation. The squamosal is flanked (as indi- 
cated in subadult Pinacosaurus, Minmi, and Cedarpelta) by the 
parietal medially and one or more unusual ossifications and/or 
neomorphic elements caudally. Additionally, the squamosal 
of most taxa contributes to a distinctive cranial adornment 
(fig. 17.10), typically a pyramidal-like horn core (ankylosaurids) 
or knoblike boss (Edmontonia). Ventrally, a large cup-shaped 
depression, the quadrate articulation surface, receives the 
squamosal condyle of the quadrate and the dorsal margin of 
the paroccipital process. In subadult Pinacosaurus grangeri the 
squamosal and the quadrate remain detached from one another, 
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whereas among adult Saichania, Tarchia, and Tsagantegia the 
two elements have fused together. 

In Pinacosaurus the squamosal contacts one or more neo- 
morphic elements, the so-called tabulars (Maryanska 1977) or 
secondary dermal-squamosals (Godefroit et al. 1999). Similarly, 
the squamosal of Minmi conjoins with a small, oblong ossifica- 
tion referred to as a dermal ossicle (Molnar 1996). Comparable 
elements are unknown for other ankylosaurs. Rostrolaterally the 
squamosal is enveloped by the postorbital. In occipital view, 
the squamosal contributes to the dorsolateral aspect of the oc- 
cipital margin, articulating synarthrotically with the quadrato- 
jugal dorsal to the latter’s contact with the quadrate. 

The “squamosal” of Minmi represents a coalescence of the 
squamosal proper with the postorbital and the most medial 
supraorbital (postfrontal, Molnar 1996:fig. 17.2). In dorsal view 
this complex is hexagonal, contacting a supraorbital rostro- 
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FIGURE 17.11. Gobisaurus domoculus, ventral view of occipital/ 
basicranial region. Scale = 10 cm. (After Vickaryous et al. 2001b.) 


laterally, the prefrontal rostrally, the frontal rostromedially, and 
the parietal caudomedially. Laterally the “squamosal” of Minmi 
is triangular, with the pyramidal apical embellishment directed 
caudodorsally and together with the jugal forms the entire tem- 
poral region profile. In occipital view, the “squamosal” adjoins 
with the parietal medially and the paroccipital process of the 
exoccipital ventrally. 

Situated as the ventral counterpart of the squamosal protu- 
berance, the quadratojugal is the location of the most caudo- 
ventral contribution of the cranial ornamentation. In some taxa 
(e.g., Saichania), it is frequently misinterpreted as overgrowing 
the infratemporal fenestra (Tumanova 1987; Carpenter et al. 
2001a). However, while it may obscure the infratemporal fenestra 
laterally (Coombs 1971, 1978b; Coombs and Maryanska 1990; 
Vickaryous and Russell 2003), this opening is never completely 
obstructed. Virtually all ankylosaur taxa develop quadratojugal 
protuberances, ranging in morphology from rounded bosses to 
deltoid flanges (ankylosaurids). In subadult Pinacosaurus grangeri, 
the quadratojugal protuberance receives an additional contribu- 
tion from co-ossified cranial osteoderms (fig. 17.1D; Maryanska 
1977; Hill et al. 2003). The quadratojugal obscures the condyle 
of the quadrate in lateral view in ankylosaurines. In ventral view, 
the quadratojugal lies lateral to the quadrate (fig. 17.11; Coombs 
and Maryanska 1990). Although it contacts the quadrate adja- 
cent to the articular condyle, it does not contribute to the jaw 
joint. The quadratojugal of Minmi, as interpreted by Molnar 
(1996), does not contribute significantly to the lateral surface 
of the skull, although a large, deltoid flange is present at the 
caudoventral corner of the skull (fig. 17.2B). 

The palatal region (figs. 17.3C, 17.6, 17.7) consists of four 
paired elements, the vomer, palatine, pterygoid, and ectoptery- 
goid. A prevomer has been reported infrequently (Gilmore 1930; 
Russell 1940a), although more recent descriptions conclude that 
this element represents the vomer (Carpenter 1990). 

The fused vomers bisect the palatal region in the sagittal 
plane, contributing to a vertically oriented osseous nasal septum 
(internasal bony septum, Tumanova 1993; vomer plate [sic], Car- 
penter et al. 1998) that variably subdivides the entire rostrum. 
Along the ventral margin (the vomerine keel), a faint longitudi- 
nal intervomeral suture is present in Euoplocephalus, but not in 
Gastonia. Rostrally the vomer contacts the premaxilla at the 
caudal margin of the interpremaxillary suture and spans the 
rostromedial margin of the internal naris. The premaxilla may 
preclude rostrolateral contact between the vomer and the max- 
illa, as in Pinacosaurus. Union of the vomer with the lingual max- 


illary shelf and premaxillary palate results in the formation of the 
rostrodorsal secondary palate (fig. 17.6; Coombs 1971; Coombs 
and Maryanska 1990; Vickaryous and Russell 2003). Caudo- 
laterally, the vomer may contribute to the caudoventral second- 
ary palate, along with the palatine, pterygoid, and maxilla. 

As noted above, the vomer forms the ventral extension of the 
osseous nasal septum. Dorsally this partition contacts the skull 
roof, thereby segregating the paired respiratory passages, in Ed- 
montonia, but not in Gargoyleosaurus. Dorsal to the palatal vault, 
the osseous nasal septum receives variable contributions from the 
nasal and frontal. In many ankylosaurs, the vomer keel extends 
beyond the level of the maxillary tooth rows (Euoplocephalus, 
Saichania), although the condition in most taxa is unclear ow- 
ing to variable damage along this margin. In cross section, the 
morphology of the ventral margin of the vomer keel is variable, 
ranging from wedge-shaped in Edmontonia (Carpenter 1990), to 
incised by an inverted V-shaped notch in Nodocephalosaurus (Sul- 
livan 1999), to spherical in Panoplosaurus (Carpenter 1990). 

The palatine resides within the horizontal plane, situated 
caudal to the internal naris, medial to the maxilla and jugal, 
and rostromedial to the pterygoid and ectopterygoid. Medially 
the palatine contacts the vomer and rostral aspect of the basi- 
cranium (Maryanska 1977). Along the palatal surface the 
palatine indicates a variety of shallow crests, troughs, and de- 
pressions (Coombs 1971; Maryanska 1977), although poor 
preservation and inconsistent preparation frequently obscure 
any detail. In Euoplocephalus (fig. 17.6B; Vickaryous and Russell 
2003) as well as several Asian taxa (Maryanska 1977; Hill et al. 
2003), the palatines are ramified by pneumatic cavitations. The 
palatine may form a small, circular embayment along its junc- 
tion with the rostral face of the pterygoid (e.g., Saichania and 
Tianzhenosaurus). 

Positioned as a transverse partition demarcating the caudal 
termination of the palate, the pterygoid has a characteristi- 
cally complex morphology correlated in part with the presence 
of a caudoventral secondary palate. Coombs (1971) divided the 
pterygoid into three major components: a central body con- 
tacting the vomers (rostrodorsally) and the basicranium (caudo- 
dorsally), a rostrolateral pterygoid flange, and a caudolateral 
quadrate ramus (fig. 17.11). The central body may be further 
subdivided into a rostral face and a caudal margin. In many taxa 
the oblique caudoventral orientation of the rostral face of the 
pterygoid conceals the rostral portion of the basicranium. In 
taxa with a caudoventral secondary palate, the rostral face of the 
pterygoid is vertical and forms a W-shaped wall when viewed 
ventrally (from the sagittal point of contact with the vomer, the 
pterygoid juts caudolaterally, followed by an immediate re- 
alignment rostrolaterally, fig. 17.11). Caudally adjacent to the 
vomer-pterygoid contact, the deltoid interpterygoid vacuity 
demarcates the junction between the individual pterygoid ele- 
ments. Lateral to the interpterygoid vacuity, a foramen, likely 
transmitting a branch of the internal carotid artery and c.n. VII 
(Hill et al. 2003), pierces the central body of each pterygoid. The 
caudal margin of the pterygoid body is not fused with the basip- 
terygoid in Saichania, but the two are fused in Ankylosaurus. 

Similar to the rostral face of the pterygoid body, morphology 
of the pterygoid flange is correlated with the development of 
the caudoventral secondary palate. In taxa without this sec- 
ondary palate, such as Panoplosaurus (fig. 17.7A), the pterygoid 
flange is directed parasagittally from the rostrolateral surface 
of the pterygoid (Coombs 1971, 1978b). The pterygoid flange of 
taxa with a caudoventral secondary palate (ankylosaurids) arises 
from a more medial position along the pterygoid body, with 
a distinct rostrolateral orientation (figs. 17.7B, 17.11). In both 
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situations the pterygoid flange contacts the ectopterygoid near 
the terminal limits of the alveolar border of the maxilla. 

The quadrate ramus of the pterygoid is a transversely deep, 
rostrocaudally narrow brace joining the dermatocranium to the 
suspensory apparatus. Correlated with the presence of a caudo- 
ventral secondary palate, the quadrate ramus and the pterygoid 
flange arise at a common position along the lateral margin of 
the pterygoid body. In taxa without a caudoventral secondary 
palate, the quadrate ramus originates from the caudolateral mar- 
gin of the pterygoid body. 

The ectopterygoid is a small, wedge-shaped element inter- 
jected between the pterygoid flange of the pterygoid ventro- 
medially, the palatine dorsally, and the maxilla laterally. The 
ectopterygoid variably contributes to the rostral border of the 
suborbital fenestra and either the caudoventral secondary palate 
(fig. 17.1B; subadult Pinacosaurus grangeri) or (in those taxa with- 
out this additional brace) the caudal margin of the internal naris 
(Edmontonia). 

Extensive fusion between the components of the occipital/ 
basicranial region (fig. 17.4) obscures most sutural contacts and 
has confounded previous attempts to identify the various ele- 
ments. Of the constituent elements, four are unpaired (supra- 
occipital, basioccipital, basisphenoid, parasphenoid) and the 
rest (exoccipital, otic elements, laterosphenoid, interorbital 
elements, quadrate) are arranged bilaterally. 

The supraoccipital is a trapezoidal element forming the 
dorsal rim of the foramen magnum. In occipital view the supra- 
occipital contacts the exoccipital and opisthotic rostrolaterally 
and the parietal dorsally (fig. 17.1C). The presence of epiotics, 
discrete centers of ossification developing independently of but 
subsequently coalescing with the supraocciptal (Currie 1997b), 
is unknown in ankylosaurs. A narrow, variably developed, in- 
verted-Y-shaped crest is oriented vertically between the foramen 
magnum and the nuchal shelf of the parietal. In most taxa the 
sagittal component bifurcates immediately dorsal to the foramen 
magnum, forming a pair of caudolaterally inclined awninglike 
crests. The rostrocaudal pitch of these transverse crests correlates 
with the orientation of the foramen magnum (i.e., a caudo- 
ventrally directed foramen magnum has caudoventrally oriented 
transverse crests). Frequently, paired fossae with subtending 
rugosities flank the sagittal crest. 

Constituting the caudal parasagittal component of the 
occipital/basicranium region, the exoccipital flanks the fora- 
men magnum and, along with the opisthotic, contributes to the 
paroccipital process (figs. 17.11, 17.12). This prominent, dorso- 
ventrally deep transverse buttress spans the occiput between the 
foramen magnum and the quadrate. Long-axis orientation of 
the paroccipital process is variable, ranging from strictly trans- 
verse (Ankylosaurus) to caudolaterally oblique (Panoplosaurus) 
(figs. 17.7, 17.11). In ankylosaurines, the nuchal shelf of the pari- 
etals conceals the caudolateral extremities of the paroccipital 
processes in dorsal view, whereas in Edmontonia these extremi- 
ties are visible. The exoccipital may also provide a caudolateral 
contribution to the occipital condyle. This condition is most 
pronounced in Minmi (Molnar 1996), with each exoccipital form- 
ing a third of the condyle. 

Along the occiput the exoccipital articulates with the supra- 
occipital dorsomedially, the basioccipital ventromedially, and 
the quadrate laterally. The paroccipital processes may fuse with 
the quadrate near the squamosal cotylus (e.g., Ankylosaurus) 
but may remain unfused (e.g., Tarchia). Rostrally, the exoccipital 
coalesces with the opisthotic, obliterating all sutural contacts. 

In Pawpawsaurus three distinct foramina perforate the 
exoccipital-basioccipital synarthrosis. Lee (1996) interpreted the 
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FIGURE 17.12. Ankylosaurus magniventris, occipital view of the cranium. 
Scale = 10 cm. (After Coombs, 1978b.) 


rostral opening as the common foramen (fenestra mitotica) for 
the glossopharyngeal (c.n. IX), vagus (c.n. X), and accessory (c.n. 
XI) nerves, the medial opening for the exit of the internal jugular 
vein, and the caudal opening for the hypoglossal (c.n. XII) nerve. 
In contrast, Tumanova (1987) identified the foramina for c.nn. 
IX, X, and XI in Amtosaurus, Pinacosaurus, Saichania, Talarurus, 
and Tarchia as occurring along the exoccipital-opisthotic con- 
tact (fig. 17.4). In most dinosaurs, the exoccipital-opisthotic 
complex provides the rostrodorsal border of the foramina for 
c.nn. IX, X, and potentially XI, while the foramen for c.n. XII 
perforates the exoccipital proper (Currie 1997b). Whereas there 
may be one (Pawpawsaurus, Lee 1996), two (Polacanthus sp., Nor- 
man and Faiers 1996) or even three (Amtosaurus archibaldi, Ave- 
rianov 2002) foramina for c.n. XII, Pereda-Suberbiola and Barrett 
(1999) described a basicranium (“Acanthopholis horridus”) with 
two foramina for c.n. XII on the left side and one on the right. 

The basioccipital is an unpaired element contributing to 
the ventral margin of the foramen magnum, the caudoventral 
portion of the basicranium proper and the majority of the oc- 
cipital condyle. Among nodosaurids and ankylosaurines the 
occipital condyle is composed of the basioccipital only (Sereno 
1999a; Averianov 2002). In occipital view the stout occipital 
condyle varies in morphology, ranging from reniform (Ankylo- 
saurus) to ovoid/round (Edmontonia), and may be oriented either 
directly caudally (Tarchia) or caudoventrally (Saichania). A shal- 
low, sagittally oriented furrow, the median condylar notch, is 
situated along the mid-dorsal margin of the occipital condyle 
(corresponding to the midventral rim of the foramen magnum). 
Contacts between the basioccipital and the exocciptal-opisthotic 
complex along the occiput are frequently obscured, although 
shallow furrows occasionally delineate each element. The basi- 
occipital frequently provides the caudoventral border for the 
foramina of c.nn. IX, X, and XI (fig. 17.4; Tumanova 1987; 
Vickaryous and Russell 2003). 

Ventrally the basisphenoid articulates with the rostral mar- 
gin of the basioccipital and contributes to the basal tubera (fig. 
17.11). Caudal to the basal tubera the basioccipital becomes sel- 
lar and may give rise to a short neck leading to the occipital 
condyle. 

The otic elements (prootic, opisthotic) form the lateral walls 
of the basicranium, harboring the vestibular apparatus and peri- 
lymphatic spaces. Despite providing variable contributions 
to the osseous otic complex of other dinosaurs (Sereno 1991b; 
Baumel and Witmer 1993; Currie 1997b), the epiotic and meto- 
tic are not known in Ankylosauria. The stapes is known from 
Gargoyleosaurus (Carpenter et al. 1998) and Pinacosaurus grangeri 
(Maryanska 1977). 

With few exceptions, contact between the prootic and opis- 
thotic is obliterated, although the configuration of each element 


may be inferred by the position of the intervening fenestra 
ovalis (fig. 17.4). The prootic contacts the laterosphenoid ros- 
trally, the basisphenoid rostroventrally, the supraoccipital caudo- 
dorsomedially, and the opisthotic and exoccipital caudally. 
The foramen for the trigeminal (c.n. V) nerve is situated along 
the prootic-laterosphenoid contact. The foramen for the facial 
(c.n. VII) nerve either penetrates the wall of the prootic proper 
just caudal to the foramen for c.n. V (Pawpawsaurus, Lee 1996; 
Euoplocephalus, Vickaryous and Russell 2003) or the prootic- 
basisphenoid juncture (Pinacosaurus grangeri, Maryanska 1977). 

The opisthotic, positioned as the caudal component of the 
otic complex, articulates with the prootic rostrally, the exoccip- 
ital caudally, the basioccipital ventrally, and the supraoccipital 
caudodorsomedially. Invariably the opisthotic fuses with the 
exoccipital (Norman and Faiers 1996; Currie 1997b), and most 
descriptions of the latter element inadvertently include opis- 
thotic contributions. The opisthotic, coupled with the afore- 
mentioned exoccipital, provides the rostral/rostrodorsal border 
of the foramina for c.nn. IX, X, and XI (Tumanova 1987; Nor- 
man and Faiers 1996; Currie 1997b). 

Forming the floor for the midbrain, the basisphenoid adjoins 
the parasphenoid rostrally, the laterosphenoid rostrodorsally, the 
prootic caudodorsally, and the basioccipital caudally. Contact 
between the basioccipital and basisphenoid is readily demarcated 
by the basal tubera. Basal tubera morphology is variable, rang- 
ing from bulbous convexities in Pawpawsaurus to rugose crests 
in Panoplosaurus (figs. 17.7, 17.11). Usually, the basisphenoid 
is shorter than the basioccipital. In ventral view, prior to con- 
tacting the parasphenoid, a parasagittal basipterygoid process 
diverges obliquely from the rostrolateral limits of the basi- 
sphenoid. This short, blunt process fuses with the rostrally ad- 
jacent caudal margin of the pterygoid body in Saichania, but not 
in Ankylosaurus. Caudoventral inclination of the pterygoid body 
frequently conceals the basipterygoid process from ventral view. 

The basisphenoid may provide variable contributions to 
the ventral margins of three apertures, the foramina for c.nn. III, 
VI, and VII (Lee 1996; Norman and Faiers 1996; Currie 1997b), 
although none of these openings penetrates the basisphenoid 
in Euoplocephalus (Vickaryous and Russell 2003). 

The dorsal (cerebral) surface of the basisphenoid is distin- 
guished by a prominent, sagittally positioned pituitary fossa. The 
caudal margin of the pituitary fossa is marked by the slender, 
transversely oriented dorsum sellae. Paired canals for the inter- 
nal carotid (Lee 1996; Carpenter et al. 2001a) and palatine ar- 
teries emanate from the base of the pituitary fossa (see also 
Maryanska 1977; Norman and Faiers 1996; Vickaryous and Rus- 
sell 2003). 

The laterosphenoid contacts the parasphenoid and/or inter- 
orbital ossifications rostrally, the skull roof (i.e., the frontal- 
parietal complex) dorsally, the basisphenoid ventrally, and the 
prootic caudally. Laterally, in addition to enclosing the forebrain, 
the laterosphenoid contributes transversely oriented braces to 
the postocular wall. A number of apertures for cranial nerves 
either pierce or receive variable marginal contributions from the 
laterosphenoid, including the foramina for the optic (c.n. II) 
and trigeminal (c.n. V) nerves (situated within the region of 
the prootic-laterosphenoid confluence) and the foramina for 
c.nn. III, IV, and VI (piercing the laterosphenoid articulation 
with the interorbital elements). 

The unpaired parasphenoid forms the rostroventral border 
of the basicranium proper, between the rostrolaterally oriented 
basipterygoid processes. Sutural contacts between the para- 
sphenoid and adjacent elements (viz. the rostrodorsal frontal, 
caudodorsal interorbital ossifications and laterosphenoid, and 


caudal basisphenoid) are not visible in any taxon, and conse- 
quently contributions to the margins of cranial nerve foramina 
remain unclear. A prominent parasphenoid rostrum (cultriform 
process, Romer 1956; presphenoid rod, Coombs 1971; basi- 
sphenoid rostrum, Tumanova 1987) extends rostrodorsally from 
the parasphenoid-basisphenoid contact to underlie the caudal 
margin of the pterygoids. Ventrally, the parasphenoid rostrum 
may be viewed deep within the interpterygoid vacuity. The ros- 
tral extremity of the parasphenoid rostrum is contiguous with 
the osseous nasal septum. 

Within the ankylosaur orbit, as many as three basicranial 
elements (the interorbital ossifications) contribute to the medial 
wall. In virtually all cases, the orbitosphenoid, presphenoid, 
and sphenethmoid (accessory ossification, Maryanska 1977) can- 
not be clearly delineated. In addition to defining the medial wall 
of the orbit, the interorbital ossifications may also transmit c.n. I 
and vascular channels, although there is little consensus on the 
identifications. 

The most rostral of the interorbital ossifications is the 
sphenethmoid (Tumanova 1987). That of subadult Pinacosaurus 
grangeri contacts the orbital process of the lacrimal rostro- 
laterally within the orbit. Although it is indistinct, Maryanska 
(1977) indicated that the sphenethmoid of adult Saichania ar- 
ticulates with the conjoined presphenoid and orbitosphenoid 
caudomedially. 

Caudomedial to the sphenethmoid is the presphenoid. 
Contact between the presphenoid and the orbitosphenoid is 
indistinct, such that these two elements become integrated to 
form the orbitosphenoid-presphenoid complex (interorbital sep- 
tum, Maryariska 1977). In Saichania, the complex forms a wall 
that separates the orbits. An orbitosphenoid-presphenoid com- 
plex has also been identified in Tarchia (Maryanska 1977) and 
Pawpawsaurus (Lee 1996). In Saichania and Tarchia, foramina 
pierce the complex for passage of c.n. I] and an ophthalmic ves- 
sel (Maryanska 1977). The orbitosphenoid-presphenoid complex 
of Pawpawsaurus transmits the olfactory (c.n. I), optic (c.n. ID), 
and trochlear (c.n. IV) nerves (Lee 1996). 

In lateral view, the narrow quadrate of Edmontonia and many 
other ankylosaurs is bowed, with a convex rostral margin and 
concave caudal margin. Furthermore, the long axis of the 
quadrate in many ankylosaurs has a variable degree of rostro- 
caudal inclination, but it remains unclear as to whether this 
inclination represents the actual morphology of the quadrate 
or is a taphonomic artifact (Coombs 1971; Rybczynski and 
Vickaryous 2001). In occipital view, the quadrate is transversely 
broad (fig. 17.12). The head of the quadrate articulates with the 
quadrate articulation surface of the squamosal and the distal 
ends of the paroccipital processes; in some (but not all) taxa 
fusion occurs between the caudal surface of the head and the 
rostral surface of the paroccipital process. 

Morphology of the mandibular condyle is highly variable 
(fig. 17.11), ranging from ovoid in Panoplosaurus to bicondylar in 
Ankylosaurus, although taphonomic deformation in most taxa 
prevents a phylogenetically detailed evaluation. Lateral to the 
mandibular condyle, the quadrate is embraced by a narrow 
buttress from the quadratojugal. Quadratojugal protuberances 
frequently conceal the mandibular condyle of the quadrate 
from lateral view. 

Ventral to the midpoint of the quadrate body, a slender, rostro- 
medially directed pterygoid process adjoins with the pterygoid. 
Although this junction is generally fused, several taxa preserve 
the contact as a scarf joint (subadult Pinacosaurus and Silvi- 
saurus; Coombs 1971). The pterygoid process is transversely 
aligned with the caudal margin of the pterygoid in Ankylosaurus. 
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The epipterygoid is narrow, cylindrical, and located adjacent 
to the lateral wall of the basicranium (Coombs and Maryanska 
1990). When present, the epipterygoid is situated rostroventrally 
oblique alongside the lateral surface of the basicranium. Dis- 
tally, each end of the epipterygoid is dilated. The epipterygoid 
is currently known only in Euoplocephalus, Saichania, Tarchia, 
and subadult Pinacosaurus grangeri (Maryanska 1977; Tumanova 
1987; Coombs and Maryanska 1990). 

With the exception of the predentary, all the mandibular 
elements, including the dentary, splenial, angular, surangular, 
coronoid, prearticular, and articular, are paired (fig. 17.5). The 
predentary is positioned as the mandibular counterpart to the 
premaxillary rostrum, forming a rostrocaudally broad, dorso- 
ventrally depressed edentulous tomium. Crescentic in dorsal 
(and ventral) view, the predentary conjoins the paired dentaries 
rostral to the mandibular symphysis within a transverse depres- 
sion. Evidence from at least one taxon (Euoplocephalus, Rybczyn- 
ski and Vickaryous 2001) suggests that the predentary-dentary 
articulation permitted some degree of limited movement. A 
short, ventrally projecting sagittal protuberance of the preden- 
tary contacts the mandibular symphysis. The dorsal and ventral 
surfaces may be perforated by a variety of foramina and shallow 
foveae. The rostral edge of the predentary is irregularly scalloped. 

The mandibular tooth row resides within the alveolar border, 
a dorsal crest running the length of the dentary. In dorsal view, 
the course of the alveolar border (and consequently the mandibu- 
lar tooth row) ranges from virtually linear in Gargoyleosaurus to 
a medially deflected parabola in Euoplocephalus. Furthermore, 
in lateral profile the alveolar border invariably undulates dorso- 
ventrally. Consequently, the overall morphology of the tooth 
row resembles that of a medially folded arch, with displacement 
in three dimensions along its length (rostrocaudally, dorso- 
ventrally, and lateromedially). 

Rostrally, the dentaries articulate with one another at the 
dorsoventrally abbreviated mandibular symphysis, which em- 
anates from the main body of the dentary immediately rostral 
to the tooth row. Symphysis morphology relates to the degree 
of tooth row displacement: in Panoplosaurus and other taxa 
with a minimally flexed alveolar border, the symphysis is rostro- 
caudally long; in Tarchia and other taxa with a more arched 
alveolar border, the symphysis is constricted and subcircular. 
Various ridges and rugosities along the symphyseal margin per- 
mit articulation of the juxtaposed contributions and suggest 
that a limited degree of mobility was possible (Rybczynski and 
Vickaryous 2001). Along the rostral border of the dentary, the 
locus for predentary contact is a transverse pitted depression, 
contiguous across the symphysis (Rybczynski and Vickaryous 
2001). In cross section, this predentary depression is concave, 
with numerous foveae coalescing to excavate the caudal margin. 
In lateral view, the dentary articulates with the surangular (cau- 
dally), the angular (caudoventrally), and the aforementioned 
predentary. Numerous foramina of uncertain homology pierce 
the dentary ventral to the alveolar border. 

Along the medial surface, subparallel to the alveolar border, 
reside numerous special foramina (sensu Edmund 1957), wherein 
the cusps of replacement teeth may be seen. Medially, the ven- 
tral portion of the dentary is concealed via contact with the 
splenial. Beyond the rostral extremity of the splenial a longi- 
tudinal furrow, the mandibular sulcus, courses from an aperture 
at the dentary-splenial contact toward the mandibular sym- 
physis (fig. 17.5B). 

The splenial is positioned as a thin overlay of bone along 
the ventromedial surface of the mandible. Rostrally at the suture 
with the dentary, the splenial contributes to the rostral aperture 
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of the mandibular sulcus. Ventral to the distal tooth, the sple- 
nial is pierced by a large intermandibular foramen. The greater 
part of the horizontally oriented dorsal margin of the splenial 
overlaps the medial surface of the dentary along the length of 
the alveolar border. Adjacent to the adductor fossa, the splenial 
underlies and braces the rostroventral margin of the prearticular. 
Ventrally the splenial has a lengthy contact with the angular, 
although osseous ornamentation obscures the morphology of 
this articulation. 

Diametrically opposite to the splenial, the angular resides 
along the ventrolateral margin of the mandible (fig. 17.5C). Char- 
acteristic for ankylosaurs, the angular is completely embossed 
by osseous ornamentation and, consequently, the morphology 
of the sutural contacts with adjacent elements is unclear. How- 
ever, in subadult Pinacosaurus grangeri that lack the extensive 
development of ornamentation, the lateral profile of the angu- 
lar is triangular, with an elongated ventral base (Maryanska 1977; 
Hill et al. 2003). Rostrodorsally, the angular articulates with the 
dentary while the caudodorsal margin adjoins with the suran- 
gular. In Edmontonia, the angular wraps medially around the 
ventral margin of the mandible and contacts the prearticular. 

The surangular is situated in the caudodorsolateral quarter 
of the mandible, contributing to the lateral margin of the ad- 
ductor fossa and the retroarticular process. Furthermore, the 
surangular joins with the coronoid to form the coronoid process 
(contra Coombs 1978b). In lateral view, the surangular articu- 
lates with the dentary (rostrodorsally), angular (rostroventrally), 
and prearticular (caudally). Along its medial surface, the suran- 
gular adjoins the coronoid (rostromedially) and articular (medi- 
ally) and may make an abbreviated contact with the splenial 
(rostroventromedially). Contact between the angular and pre- 
articular within the adductor fossa is unclear. Frequently the 
coronoid process of the angular is pierced by a large foramen of 
uncertain affinity. 

The coronoid is a small, rarely identified, chevron-shaped 
element contacting the medial surface of the alveolar border 
proximal to the adductor fossa, and the rostromedial margin of 
the coronoid process. Along the margin of the coronoid process 
the coronoid is rugose. 

In conjunction with the surangular, the prearticular con- 
tributes to the abbreviated retroarticular process, a short yet 
deep bony projection with rugosities along its entire caudal 
margin. Ventrally the prearticular (including the retroarticular 
process) is underlain by the splenial. In medial profile, the pre- 
articular contacts the splenial and sometimes a medial process 
of the angular (Euoplocephalus) rostroventrally, the coronoid 
rostrodorsally, and the articular dorsally. The prearticular forms 
the entire caudomedial margin of the adductor fossa. 

Bounded by the surangular (laterally) and the prearticular 
(caudomedially), the articular accommodates the quadrate 
articular fossa. Medially a process of the articular (and a contin- 
uation of the quadrate articular fossa)—the medial mandibular 
process—extends perpendicular to the long axis of the man- 
dible. A weakly developed ridge may subdivide the articular sur- 
face either mediolaterally (Edmontonia, Coombs 1971) or rostro- 
dorsally (Euoplocephalus, Rybczynski and Vickaryous 2001). 

The hyoid apparatus is poorly known. In Saichania the para- 
glossum is triangular, with a lengthy rostral process (Maryanska 
1977). At the caudolateral corners are small cornua that articu- 
late with the rodlike ceratobranchials. The ceratobranchials are 
dilated proximally and may have a variety of longitudinal striae. 

In general, ankylosaur teeth are small compared to body size 
(e.g., Euoplocephalus is about 6-7 m in body length with a skull 
length of 46 cm, yet the teeth attributed to this taxon are in- 


FIGURE 17.13. Ankylosaur teeth: A, B, Edmontonia rugosidens, 
mesiodistal and buccolingual views; C, Ankylosaurus magniventris; 
D, Euoplocephalus tutus; E, Sauropelta edwardsorum; F, Edmontonia 
rugosidens, demonstrating the range in variation of the mesial-distal 
profile. Scale = 1 cm. (After Coombs and Maryaniska 1990.) 


variably less than 7.5 mm mesiodistally and from the base of the 
cusp to the apex) with a straight root (fig. 17.13). Premaxillary 
teeth are uncommon within Ankylosauria, although when pres- 
ent (Gargoyleosaurus, Pawpawsaurus, Silvisaurus), they are usually 
conical and slightly recurved, with a smooth crown. Maxillary 
and mandibular teeth are laterally compressed, with apical den- 
ticulate carinae (8-17 denticles, Coombs and Maryanska 1990). 
Crown morphology may either be smooth or fluted. These ver- 
tical flutes or grooves generally correspond to the disposition of 
denticles. Frequently the base of the crown is swollen, forming 
a cingulum. Jn situ dentition is rare (Rybczynski and Vickaryous 
2001) and morphological variation with reference to tooth po- 
sition (maxillary versus dentary) remains ambiguous (Coombs 
1990b). Liaoningosaurus, an unusual taxon from China, has enor- 
mous maxillary and dentary teeth (Xu et al. 2001b). 

Although not characteristic for all ankylosaurs, an exten- 
sive osseous secondary palate is known in a variety of member 
taxa, including deeply nested nodosaurids (Edmontonia, Panoplo- 
saurus, fig. 17.7A) and ankylosaurids (Euoplocephalus, Pinacosaurus 
grangeri, Saichania, figs. 17.6, 17.7B). This structure is virtually 
absent among basal forms of both lineages (Gargoyleosaurus, 
Pawpawsaurus), and, consequently, it has been suggested that 
the ankylosaur secondary palate evolved twice (Coombs and 
Maryanska 1990; Vickaryous and Russell 2001). In nodosaurids 
the osseous secondary palate characteristically consists of bi- 
lateral processes of the premaxillae and maxillae that join with 
the vomers to form a horizontal bony shelf across the ventral 
aspect of the rostrum. Similar to the osseous secondary palates 
of other amniotes, this structure effectively segregates the nasal 
cavities proper from the oropharynx. In addition the vomers, 
oriented perpendicular to the osseous secondary palate, provide 
a vertical buttress that sagittally subdivides the rostrum. Whereas 
Coombs (1978b) indicated that nodosaurids lacked paranasal 
sinus cavities, Edmontonia has bilateral cavities within the pre- 
maxillae and dorsal to the maxillary tooth rows (fig. 17.9A-E; 
Vickaryous and Russell 2001; Vickaryous et al. 2001b; see also 
Witmer 1997a, 1997b). The resulting arrangement of the osseous 
secondary palate suggests that paired streams of air were trans- 


mitted, without mixing, in a linear fashion between the exter- 
nal nares and choanae (fig. 17.9F). 

In contrast to the single palatal shelf of some nodosaurids, 
the osseous secondary palate of many ankylosaurids is a bi- 
partite structure, including rostral and caudal components. The 
most rostral component, the rostrodorsal palatal shelf (Coombs 
and Maryanska 1990), resembles the palatal structure of nodo- 
saurids and is composed of premaxillary and maxillary pro- 
cesses buttressed in the sagittal plane by the vomers. The 
caudoventral palatal shelf, an additional component unique 
to ankylosaurids that partially underlies the rostrodorsal palatal 
shelf (Coombs and Maryanska 1990), is formed by a rostrally 
projecting horizontal plate derived from extensions of the pala- 
tines and pterygoids and braced in the midline by the vomers. 
The resulting imbricated palatal shelf arrangement requires 
air to circumnavigate both components, in sigmoidal fashion, 
as it is transmitted through the skull (fig. 17.9G-M; Coombs 
1978b; Coombs and Maryanska 1990; Vickaryous and Russell 
2003). Similar to nodosaurids, each bilateral stream of air is 
segregated by the vertically partitioning vomers. Ankylosaurids 
also frequently have multiple paranasal sinus cavities variably 
located within the premaxillae, maxillae, and palatines (Coombs 
1978b; Coombs and Maryanska 1990; Witmer 1997a, 1997b; 
Vickaryous and Russell 2001, 2003; Hill et al. 2003). Common to 
such forms is at least one paranasal sinus cavity (localized within 
the premaxilla and/or maxilla) that communicates directly with 
paranasal aperture of the external naris (Maryanska 1977; Tu- 
manova 1987; Witmer 1997a, 1997b; Vickaryous and Russell 
2001, 2003; Hill et al. 2003). 


Postcranial Skeleton 


AXIAL SKELETON 


The ankylosaur vertebral column consists of 7-8 cervical verte- 
brae, 12-19 dorsal vertebrae, 3-4 sacrals, and 20-40 caudals (fig. 
17.14; Coombs and Maryanska 1990; Coombs 1995a; Makovicky 
1997b). The most caudal three to six dorsal vertebrae and most 
proximal one to three caudal vertebrae frequently fuse with the 
sacrum, forming presacral (dorsosacral) and postsacral (sacro- 
caudal) rods (Coombs 1978b). This unified series of vertebrae 
is referred to as the synsacrum (fig. 17.15A—C). Development of 
a tail club (fig. 17.16A, B) is apomorphic for some members 
of Ankylosauridae. 

The atlas is composed of an intercentrum co-ossified with 
dorsal and lateral lamina, forming a complete neural arch with a 
diminutive neural spine. The postzygapophyses are elongate. 
The single-headed cervical rib of the atlas may be either short 
and robust (Saichania) or long and slender (Sauropelta) and may 
fuse with the intercentrum (Panoplosaurus). Ventrally a short 
cranially projecting hypapophysis is present on the centrum. 
As for other cervical vertebrae, the neural canal of the atlas is 
large. 

The axis has a robust neural arch with a short neural spine 
and a prominent dens (fig. 17.14C, D). The caudal articulation 
surface of the axial centrum is notably amphicoelous. Axial 
cervical ribs have a tuberculum and capitulum, which may co- 
ossify with the centrum. In contrast to the postzygapophyses 
of the atlas, those of the axis are short. The atlas and axis may be 
separate (Euoplocephalus, Polacanthus, Struthiosaurus, Sauropelta, 
subadult Pinacosaurus) or fused (Saichania, Panoplosaurus, Ed- 
montonia). Stegopelta landerensis has a laterally compressed, elon- 
gate axis. 
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FIGURE 17.14. Ankylosaur vertebrae: A, B, atlas of Sauropelta edwardsorum, left lateral and dorsal; 
C, D, axis of S. edwardsorum, left lateral and dorsal; E, F, sixth cervical of Ankylosaurus magniventris, 
left lateral and cranial; G, H, sixth dorsal of A. magniventris, left lateral and cranial; I, J, tenth dorsal 
of A. magniventris, left lateral and cranial; K, L, first caudal of Euoplocephalus tutus, cranial and left 


lateral. Scale = 10 cm. (After Coombs 1971.) 


Caudal to the axis, the cervical vertebrae are either amphi- 
platyan or amphicoelous, with the articular faces of the centra 
being broader than tall (Makovicky 1997b). One or more cer- 
vical vertebrae may have offset intervertebral articular surfaces, 
with the cranial articular surface aligned either ventral (Pinaco- 
saurus grangeri, Saichania) or dorsal (Edmontonia rugosidens, 
Ankylosaurus) to the caudal articular surface (Coombs and 
Maryanska 1990). These irregular vertebrae generally occur 
within the middle of the cervical series (cervical 4 of Ankylo- 
saurus; cervicals 3 and 4 in Saichania). As a result of these atypi- 
cal centra, the articulated cervical region forms a shallow sig- 
moidal curve. Ventral to the diapophysis the centrum is laterally 
compressed and a longitudinally oriented, midventral, crestlike 
hypapophysis is present in many taxa. The transverse processes 
are generally stout, dorsoventrally depressed, and horizontally 
oriented, and the neural spine is likewise robust; distally the 
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neural spine frequently develops a bulbous tuberosity. Pre- and 
postzygapophyses are elongate, extending beyond the articular 
surfaces of the centra. Although poorly known, ribs of the post- 
axial cervical vertebrae are Y-shaped, with a widely diverging 
tuberculum and capitulum. Cervical ribs are oriented caudo- 
laterally and in Saichania (Maryanska 1977), but not in Silvi- 
saurus (Carpenter and Kirkland 1998), fuse to the vertebrae. 
Similar to the postaxial cervicals, vertebrae from the dorsal 
series have a laterally constricted centrum and flaring articular 
surfaces. The bilateral width of the articular surfaces is greater 
than the length of the centrum (Ankylosaurus, Brown 1908; Po- 
lacanthus foxii, Blows 1987), except in Struthiosaurus in which 
the converse is true (Pereda-Suberbiola and Galton 2001b). Al- 
though most dorsal vertebrae are amphiplaytan or amphi- 
coelous, some nodosaurids have a small bony protuberance 
within the center of the articular surface (Makovicky 1997b). 
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FIGURE 17.15. Ankylosaur synsacrum and pelvis: A, synsacrum and pelvis of Struthiosaurus languedocensis, ventral view; 
B, C, synsacrum and pelvis of Euoplocephalus tutus, ventral and right lateral views; D, ischium of Edmontonia rugosidens, 
lateral view; E, ischium of Ankylosaurus magniventris, lateral view. Scale = 10 cm. (A modified from Garcia and Pereda- 
Suberbiola 2003 by T. Fedak; B, C after Coombs 1978b, 1979; D after Gilmore 1930.) 


FIGURE 17.16. Ankylosaur distal caudal vertebrae: A, B, distal caudal vertebrae and tail club of Evoplocephalus tutus, lateral and dorsal 
views; C, distal caudal vertebrae of Sauropelta edwardsorum, lateral view. Scale = 10 cm. (After Coombs 1978b, 1979.) 


Similar to the distal cervicals, a crestlike hypapophysis may be 
present. The transverse processes of successive dorsal vertebrae 
gradually become reoriented dorsally oblique, angling away 
from the horizontal plane. In addition, the parapophyses also 
migrate to more dorsal placement. Characteristic for many 
ankylosaurs, the caudal dorsals often co-ossify with adjacent 
ribs. The more cranial dorsal vertebrae have tall, laterally com- 
pressed neural spines, embellished with a pronounced distal 
protuberance. The neural canal is ovoid in cross section, with 
the long axis directed vertically. When viewed dorsally with 
the neural arch removed, the neural canal flares cranially and 
caudally, resulting in an hourglass-shaped passage. Beginning at 
the cervical-dorsal transition, the bilateral zygapophyses merge 
medially, joining one another to form a broad V, with the ar- 
ticulation facets of the prezygapophyses directed dorsally and 
those of the postzygapophyses directed ventrally. Among more 
caudal dorsal vertebrae, the acute interface between bilateral zy- 
gapophyses becomes progressively more rounded, resulting ina 
U-shaped morphology. 

The cranial dorsal ribs resemble those of the adjacent cervi- 
cal series, although the tuberculum becomes less pronounced. 
Dorsal ribs positioned further caudally are increasingly large 
and robust, and, as is common among ornithischians (Romer 
1956), the rib shaft is decurved relative to the rib head. In the 
caudal half of the dorsal series, the morphology of the dorsal 
ribs and the dorsally oblique orientation of the transverse pro- 
cess combine to create a characteristically broad trunk region. 
Proximal to the angle of the dorsal rib, the shaft is T-shaped in 
cross section. Distally, this morphology becomes less distinct 
and eventually diminishes to an ovoid. 
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Proximal to the sacrum, the caudal dorsals fuse to form the 
presacral rod (Eaton 1960; Ostrom 1970a; Coombs 1971, 1978b; 
Coombs and Maryanska 1990). The number of dorsals contribut- 
ing to the presacral rod varies taxonomically, ranging from three 
(Sauropelta, Carpenter and Kirkland 1998) to six (fig. 17.15; 
Struthiosaurus sp., Garcia and Pereda-Suberbiola 2003). In some 
taxa, serially adjacent neural spines and zygapophyses of the 
presacral rod and sacrum fuse together, forming a continuous 
lamina along the synsacrum (fig. 17.15C). Transverse processes 
of the presacral rod vertebrae resume a more horizontal orienta- 
tion, and the articulating ribs may contact and even fuse with 
the ventral surface of the preacetabular process of the ilium. 

The sacrum proper consists of three (Silvisaurus, Carpenter 
and Kirkland 1998) or four (Polacanthus foxii, Pereda-Suberbiola 
1994) vertebrae, with the centra firmly fused together, includ- 
ing in subadult Pinacosaurus (although not in subadult Euoplo- 
cephalus, Coombs 1986). Characteristically, the sacral vertebrae 
are broad and dorsoventrally depressed, and the concomitant 
neural canal is similarly developed, although a significant fossa 
may excavate the dorsal surface of the cranial sacral centra 
(Coombs and Maryanska 1990; Makovicky 1997b). Transverse 
processes of the sacral series fuse with the adjacent ribs, forming 
a robust, dorsoventrally deep brace between the vertebral column 
and the pelvis. Among most taxa, the sacral ribs are oriented 
horizontally. 

The most proximal caudal vertebrae often fuse together and 
to the sacrum, forming the postsacral rod of the synsacrum. Pre- 
and postzygapophyses may also be fused among the postsacral 
rod vertebrae or remain discrete and separate. The transverse 
processes and ribs of these vertebrae are deep and robust (Coombs 


1978b; Coombs and Maryanska 1990) and may project from the 
entire lateral surface of the centrum and neural spine to contact 
the postacetabular process of the ilium. The neural spines of the 
proximal caudals are stout with a rectangular profile. Caudally 
adjacent to the synsacrum, the caudal vertebrae are broad (cross- 
wise) and longitudinally abbreviated except in Liaoningosaurus, 
where the diameter is virtually equivalent to the length (Xu et 
al. 2001b). More distal caudal vertebrae become increasingly 
elongate with narrower diameters. Chevron facets first appear 
on caudal vertebrae proximal to the postsacral rod. In transverse 
section, caudal centrum morphology changes from circular, 
proximal to the sacrum, to square or hexagonal distally. Prior 
to their disappearance near the middle of the series, caudal ribs 
fuse to the adjacent vertebrae. Proximal to the synsacrum, cau- 
dal ribs are generally horizontal in orientation, whereas dis- 
tally these elements become reconfigured ventrally oblique. The 
morphology of the various processes of the distal caudal verte- 
brae varies considerably between those taxa with a tail club 
and those without. Among taxa with the tail club (fig. 17.16A, B; 
Euoplocephalus), centra of the distal half of the caudal series fuse 
together, forming a rigid “handle” of vertebrae (Coombs 1995a). 
None of the vertebrae from the handle has either neural spines 
or transverse processes (Coombs and Maryanska 1990; Coombs 
1995a). However, pre- and postzygapophyses and the accom- 
panying neural arch are well developed and elongate (the com- 
bined craniocaudal length of both zygapophyses may be three 
times the length of the centrum, Coombs 1995a). The pre- 
zygapophyses form an open V-shape in dorsal view, which ar- 
ticulates with the fused, tongue-shaped postzygapophyses. Along 
the ventral surface of the distal vertebrae, serially adjacent 
chevrons fuse to the centra and form tight, interlocking articu- 
lations with each other. The zygapophyses and chevrons may 
be obscured by the presence of ossified tendons. Distally, vari- 
ous osteoderms co-ossify with the caudal vertebrae to form the 
“club” (see below). Taxa without the tail club also lack neural 
spines and transverse processes on the distal caudal vertebrae 
(fig. 17.16C), and the centra may have longitudinal ridges later- 
ally (Ostrom 1970a). Furthermore, both sets of zygapophyses are 
considerably shorter than those noted for taxa with the tail club. 
Articulating chevrons fuse with the adjacent centra in Edmon- 
tonia and Struthiosaurus, but remain unfused in Polacanthus and 
HAylaeosaurus (Pereda-Suberbiola 1994). 


APPENDICULAR SKELETON 


Among ankylosaurs, elements of the appendicular skeleton are 
generally robust with various well-developed protuberances. 
The scapula is elongate with a roughly rectangular or rhom- 
boidal profile (fig. 17.17A, B), although in several taxa (Shamo- 
saurus, Struthiosaurus) it is variably arched with cranially convex/ 
caudally concave borders. Dorsally, the scapula is capped by a 
rugose thickening. Compared with the cranial border, which is 
thick and rounded, the caudal border is attenuated. Adjacent 
to the cranial border the lateral surface develops a conspicuous 
spinelike acromion, whose morphology is highly diverse and 
may resemble a crest at the cranial margin (Euoplocephalus, fig. 
17.17B), a shelflike transverse flange (Hylaeosaurus), or either 
a cranially or a caudally protruding knob (Struthiosaurus and 
Sauropelta, respectively, fig. 17.17A). In general, the acromion 
of nodosaurids is more prominent than that of ankylosaurids 
(Coombs 1978b; Coombs and Maryanska 1990). Immediately 
cranial to the acromion of many nodosaurids is a shallow de- 
pression, the prespinous fossa. The caudoventrolateral corner 
of the scapula contributes to the dorsal half of the glenoid fossa 


(fig. 17.17C). This broad articulation surface is defined dorsally 
by a tubercle for the origin of M. scapulotriceps (Coombs 1978b). 
The minimum craniocaudal span of the scapula occurs just dor- 
sal to the tubercle for M. scapulotriceps and the acromion. 

The platelike coracoid (fig. 17.17A, B) joins the scapula to pro- 
vide the ventral continuance of the glenoid fossa. Frequently, 
the coracoid tightly articulates or completely fuses with the 
scapula, although there are numerous exceptions, even within 
taxa (Euoplocephalus, Penkalski 2001). The cranial and caudal 
extremities of the coracoid are marked by rugose tubercles for 
the origin of M. biceps and M. costocoracoideus, respectively 
(Coombs 1978b). Ventrally, the border of the coracoid has a 
thickened margin that is round or square in profile, the appear- 
ance being related to the degree of development of the afore- 
mentioned tubercles. Proximal to the coracoid-scapula contact is 
a large foramen for the supracoracoid nerve. Characteristically 
the coracoid is proportionally larger in nodosaurids than ankylo- 
saurids (Coombs and Maryanska 1990). 

Elements of the ankylosaur sternum (fig. 17.17D, E) are poorly 
known. Among nodosaurids such as Panoplosaurus, Sauropelta, 
and Silvisaurus, the midventral pectoral region includes a bi- 
lateral pair of unfused paddlelike sternal elements, each of which 
consists of an ovoid, dorsoventrally depressed medial compo- 
nent with a caudolaterally oriented shaft. In Euoplocephalus, 
Pinacosaurus grangeri, and Talarurus, the medial components of 
the sternal elements co-ossify, forming a diamond-shaped plate. 
Several nodosaurids also have xiphisternal elements—long thin 
sheets of bone with numerous fenestrae and a convex, scalloped 
lateral margin (Russell 1940a; Godfrey and Currie 1994). The 
sternal morphology of Saichania is unique among ankylosaurs, 
with a broad, unified central region, a bilateral set of parasagit- 
tal cranial processes, anda lengthy caudal segment that remains 
unfused (Maryanska 1977). Furthermore, four or five pairs of 
dorsal ribs articulate with the sternum, a feature otherwise un- 
known among ornithischians. 

The humerus (fig. 17.18A-C) is short and massive, especially 
among ankylosaurids, with a pronounced deltopectoral crest. 
The head is positioned off center, bounded medially by a tuber- 
cle for the insertion of M. subcoracoscapularis, and laterally by 
a ridgelike scar for the insertion of M. scapulohumeralis cra- 
nialis (scapular deltoid, Coombs 1978b). The scar for M. scapulo- 
humeralis cranialis joins the deltopectoral crest at the lateral 
margin of the humerus. In Saichania, the position of this inser- 
tion scar is replaced by asmooth concavity (Maryanska 1977). In 
Ankylosaurus and Polacanthus, the length of the deltopectoral 
crest approaches 50% of the total length of the humerus, while 
in Pawpawsaurus and Sauropelta, it terminates more proximally 
(Coombs 1971, 1978b, 1978c; Maryanska 1977; Pereda-Suberbiola 
1993; Lee 1996; Kirkland 1998a). At the ventral extremity of the 
deltopectoral crest there may be a bulbous rugosity for the in- 
sertion of M. pectoralis. Adjacent to the humeral head, the cra- 
nial surface has a broad shallow fossa. Opposite this fossa, along 
the caudal surface of the shaft, one or sometimes two elevated 
scars develop for M. latissimus dorsi and M. teres major (Coombs 
1978b). At the distal extremity, the radial condyle is pronounced 
and spherical in most nodosaurids and less conspicuously ovoid 
in ankylosaurids, and is separated from the ulnar condyle by a 
shallow olecranon fossa. The lateral epicondyle is small but more 
pronounced than the medial epicondyle. 

The radius (fig. 17.18E) is rodlike with an oval cross section 
and expanded proximal and distal articulation surfaces. The 
proximal articulation surface develops a prominent cup-shaped 
fossa that corresponds to the morphology of the radial condyle 
of the humerus. Ventrally the distal articulation surface extends 
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FIGURE 17.17. Ankylosaur pectoral girdle: A, left scapula and coracoid of Sauropelta edwardsorum, lateral view; B, C, right 
scapula and coracoid of Euoplocephalus tutus, lateral and caudal views; D, sternal element of S. edwardsorum; E, fused 
bilateral sternal elements of E. tutus, ventral view. Scale = 10 cm. (A-C after Coombs 1978b, 1979; D, E after Coombs and 


Maryaniska 1990.) 


beyond the termination of the ulna. Along the lateral surface 
is a variably developed longitudinal articulation surface for the 
ulna. The olecranon of the ulna (fig. 17.18D) is massive and 
wedge-shaped, accounting for one-quarter to one-third of the 
length of the element (Coombs 1971). Among subadult Pinaco- 
saurus grangeri it is less developed, as compared with adults (Mar- 
yanska 1977). Caudolaterally the olecranon has well-developed 
rugosities for the insertion of M. triceps. Nested along the cra- 
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nial surface, immediately ventral to the olecranon, is the broad 
proximal articulation surface for the humerus (trochlear artic- 
ulation, Coombs 1971; sigmoidal notch, Maryanska 1977). 
Similar to the radius, the distal articulation surface of the ulna 
is expanded with a roughened texture. 

The ankylosaur manus is poorly known, and whereas it is 
pentadactyl in several taxa (Pinacosaurus, Sauropelta, Shamo- 
saurus), in most taxa the exact number is unknown. Among rep- 


resentative members, metacarpals I to IV are robust (especially 
metacarpal I) and expanded at the proximal and distal articu- 
lation surfaces. Metacarpal V is considerably shorter, less mas- 
sive, and (when articulated) oriented caudolaterally (Maryanska 
1977). Adjacent metacarpals contact one another proximally 
and diverge distally, forming a broadly splayed manus (Coombs 
1978b). Sesamoids have been identified on the craniodistal ar- 
ticulation surfaces of metacarpals I and II in Saichania (Maryan- 
ska 1977). Phalangeal formulas are known for Liaoningosaurus 
(2-3-3-2-0?, Xu et al. 2001b), Pinacosaurus grangeri (2-3-3-3-2, 
Maryanska 1977), Talarurus (2-3-3-3-2, Maryanska 1977), and 
have been inferred for Edmontonia rugosidens (2-3-3-4-?, Coombs 


FIGURE 17.18. Ankylosaur forelimb: 

A, humerus of Evoplocephalus tutus, 

caudal view; B, humerus of Ankylosaurus 
magniventris, caudal view; C, humerus 

of Sauropelta edwardsorum, cranial view; 

D, ulna of S. edwardsorum; E, radius of S. 
edwardsorum. Scale = 10 cm. (After Coombs 
1978b, 1978c.) 


and Maryanska 1990), Panoplosaurus (2-3-3-?-?, Lambe 1919), 
and Sauropelta (2-3-4-3?-2?, Ostrom 1970a). Similar to the meta- 
carpals, phalanges from the manus are stout, including the 
wedgelike unguals. With the exception of an intermedium in 
Pinacosaurus sp. (Maleev 1954), no carpal elements are known 
for ankylosaurs. 

The pelvic girdle is distinctive (fig. 17.15) with a broad wing- 
like dorsal profile, imperforate acetabulum, and abbreviated 
prepubic processes. Dorsal to the acetabulum the greater part of 
the ilium is rotated horizontally, projecting above the articula- 
tion with the femur. In Euvoplocephalus and Mymoorapelta, the 
distal margin of the ilium becomes reoriented ventrally to 
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FIGURE 17.19. Ankylosaur hindlimb: A, B, femur of Sauropelta edwardsorum, cranial and medial views; C, D, femur of 
Ankylosaurus magniventris, caudal and medial views; E, F, tibia of S. edwardsorum, cranial and lateral views; G, H, tibia of 
Euoplocephalus tutus, cranial and lateral views; I, fibula of E. tutus, cranial view. Scale = 10 cm. (After Coombs 1978b, 1979.) 


partially encircle the acetabulum. Medially, the ilium contacts 
three or four sacral ribs and one or more dorsal and caudal ribs 
from the synsacrum. In Minmi, the midsection of the ilium joins 
the sacrum via a broad bridge of bone, spanning three to five 
vertebrae (Molnar 1996), a feature otherwise unknown among 
ankylosaurs. The preacetabular process is long, depressed dorso- 
ventrally, and diverges craniolaterally from the sacrum. Distally 
the preacetabular process tapers to nearly 50% of its original 
transverse width (Coombs 1979). Demarcating the limits of the 
preacetabular process along the ventral surface is a raised cranio- 
laterally oriented ridge. With the exception of Minmi (Molnar 
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1996), the postacetabular process is short, especially among 
ankylosaurids. The lateral margin of the ilium is variably thick- 
ened and a pronounced tuberosity may develop at the caudal 
extremity of the postacetabular process. The shallow cuplike ace- 
tabulum receives contributions from the ventromedial aspect 
of the ilium and the dorsolateral surface of the ischium; the 
pubis has little role in the femoral articulation surface. The body 
of the ischium forms a laterally compressed shaft that abruptly 
terminates without a distal expansion. As in other quadrupedal 
ornithischians, there is no obturator process (Coombs 1979). 
Among many nodosaurids the ischial shaft has a prominent 


cranial curvature, whereas that of most ankylosaurids is less 
pronounced. The pubis is small and blocklike, with a blunt pre- 
pubic process and short, thin shaft. 

The femur (fig. 17.19A-D) is generally straight and mas- 
sive, with poorly defined proximal trochanters (Coombs 1979; 
Coombs and Maryariska 1990). In nodosaurids the head of the 
femur is often conspicuous and dorsomedially directed, whereas 
that of many ankylosaurids has a more subtle morphology and 
orientation. Lateral to the head, the greater and cranial tro- 
chanters may be separated by a shallow trochanteric fossa (Pola- 
canthus foxii) or remain virtually indistinguishable from one 
another (Euoplocephalus). A fourth trochanter is present as either 
a ridge (Sauropelta) or rugose scar (Ankylosaurus) near the mid- 
shaft. Distally, medial and lateral condyles are prominent. 

Similar to the femur, the tibia is stout and straight (fig. 
17.19E-H). The proximal and distal ends are broadly expanded 
in the craniocaudal and mediolateral dimensions, respectively. 
At the caudolateral border of the proximal end there may be a 
notch receiving the fibula (Coombs 1971). Distally, the tibia is 
rugose adjacent to the contact with the astragalus and may have 
a depression corresponding to the site of articulation with the 
fibula (Coombs and Deméré 1996). The fibula (fig. 17.191) has a 
narrow, rectilinear or slightly curved shaft and slightly dilated 
and rugose proximal and distal ends. A scarlike tubercle may be 
present along the distal third of the fibula shaft (Coombs 1979). 
Whereas the tibia-astragalus and fibula-calcaneum junctions are 
generally fused with the intervening sutures obliterated (Coombs 
1979, 1986), unfused tarsal elements are known for several taxa, 
including Hylaeosaurus (Pereda-Suberbiola 1994), subadult Euo- 
plocephalus (Coombs 1986), and Liaoningosaurus (Xu et al. 2001b). 

The pes is more variable than the manus, being either penta- 
dactyl (with five metatarsals, Sauropelta), tetradactyl (Talarurus), 
or tridactyl (Euoplocephalus). Compared with the metacarpals, 
the metatarsals are more elongate and slender, especially (when 
present) metatarsal V (Coombs 1971). In Liaoningosaurus, the 
length of the pes is more than twice that of the manus (Xu et al. 
2001b). When articulated, the pes is less splayed than the manus. 
Phalangeal formulas are known for Euoplocephalus (0-3-4-5-0, 
Coombs 1986), Liaoningosaurus (O-3-4-5-0, Xu et al. 2001b), 
Niobrarasaurus (2-3-4-4-0, Carpenter et al. 1995), Nodosaurus 
(2-3-4-5-0, Lull 1921; Carpenter and Kirkland 1998), Sauropelta 
(2-3-4-4/5-0, Ostrom 1970a), and Talarurus (2-3-4-4-0, Maryan- 
ska 1977). Pedal phalanges (including unguals) are comparable 
to counterparts of the manus. 


OSTEODERMS AND CRANIAL ORNAMENTATION 


Perhaps the most conspicuous synapomorphy of ankylosaurs 
is the pervasive development of osteoderms and osseous cranial 
ornamentation (Coombs 1971; Sereno 1986, 1999a; Coombs 
and Maryanska 1990; Vickaryous et al. 2001a). Whereas the post- 
cranium is invested with a variety of bony plates and nodules 
(most prominently displayed along the dorsolateral regions of 
the body), the skull (particularly the dorsal and lateral surfaces 
of the cranium) and the lateral surface of the mandible are 
characteristically embossed with a continuous, amorphous, 
foveate texture (Vickaryous et al. 2001a). The skull surface may 
also exhibit a series of shallow interconnecting furrows that sub- 
divide the continuous ornamentation into a mosaic of polygons 
and cornuate bosses (fig. 17.10; Coombs 1971; Vickaryous et al. 
2001a). Variants of the pattern of cranial ornamentation and 
sculpturing and osteoderm morphology have frequently been 
cited as means by which members of Ankylosauria may be dif- 


ferentially clustered (Coombs 1978b). Several authors have 
proposed separate sets of terminology to describe the various 
shapes and sizes of ankylosaur osteoderms (Ford 2000; Blows 
2001b), although at present the utility of this vocabulary remains 
untested. 

Despite the rarity of in situ osteoderm assemblages (at least 
among non-Asian taxa), the basic postcranial pattern for all 
members is widely considered to be multiple parasagittally 
positioned rows, organized either longitudinally or transversely. 
Interspersed between the rows of osteoderms are many small, 
amorphous osteoderms or ossicles. The distribution of osteo- 
derms (including ossicles) is extensive, reaching from the neck 
immediately caudal to the skull to the distal end of the tail, and 
may include abdominal osteoderms. Along the dorsal and dorso- 
lateral surfaces of the neck, osteoderms are frequently large and 
platelike, with a longitudinal or obliquely oriented keel. In 
many taxa, adjacent osteoderms of the neck may fuse together 
(Panoplosaurus) or articulate/co-ossify with a crescentic bony 
strap to form either a quarter- (Gastonia, Kirkland 1998a) or half- 
circle (Saichania). In subadult Pinacosaurus grangeri, the half- 
circle becomes well ossified prior to osteoderm formation and 
co-ossification. Among most ankylosaurids, including Euoplo- 
cephalus (Penkalski 2001) and all Mongolian taxa with in situ 
osteoderms (Pinacosaurus grangeri, Saichania, Shamosaurus, Tar- 
chia, Maryanska 1977), two half-circles are present. In many 
nodosaurids, three transversely oriented sets of co-ossified osteo- 
derms sit dorsolaterally to the neck region (Carpenter 1990; 
Carpenter and Kirkland 1998). Common to both conditions, 
the caudal component of each series partially overlaps the cra- 
nial portion of the pectoral apparatus. The morphology and 
number of osteoderms fusing with the half circle or overlying 
the neck region varies taxonomically. Ventrally, the neck may 
be invested with a large number of ossicles. 

Immediately caudodorsal to the neck, osteoderms may re- 
main large and platelike, or develop into conical spines with one 
or more points, or both. The gross morphology of osteoderms 
dorsal and dorsolateral to the rib cage is diverse, with various 
shapes, sizes, and embellishments (keels, points, grooves). Sim- 
ilarly, in cross section these osteoderms may be deeply excavated 
along the ventral surface, solid with large cancellous centers, 
or some grade in between. Caudodorsally across the pelvis, 
osteoderms generally become smaller in size and more randomly 
arranged. In several taxa osteoderms fuse together dorsal (Gas- 
tonia, Polacanthus) or ventral (Liaoningosaurus) to the pelvic re- 
gion, forming a solid bony pavement (sacral shield, Kirkland 
1998a; Blows 2001); see also Xu et al. 2001b). Osteoderms dor- 
sal to the pelvis do not fuse with any of the underlying elements 
of the skeleton proper. 

Among some ankylosaurids, the terminus of the caudal se- 
ries develops a prominent complex of co-ossified osteoderms 
(fig. 17.16A, B). Coupled with the fused distal caudal vertebrae 
(the handle) and numerous ossified tendons, these osteoderms 
form the tail club (Coombs 1995a), which is usually formed by 
a pair of large osteoderms, with a variety of smaller, paired or 
singular ossifications. Tail club morphology and size are highly 
variable intra- and interspecifically (Coombs 1995a). 

Ankylosaur cranial ornamentation has traditionally been 
considered to develop as a result of overlying osteoderms fusing 
with the more deeply positioned skull proper (Lambe 1902; Brown 
1908; Russell 1940a; Coombs 1978b; Sereno 1997). However, a 
more recent analysis indicates that ankylosaur cranial ornamen- 
tation arises from two independent yet complementary processes 
similar to the pattern of development observed in modern 
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FIGURE 17.20. Strict consensus of the 15 most parsimonious trees 

(154 steps each) illustrating the phylogeny of Ankylosauria. Explanation 
of nodes: node (1) Ankylosauria; node (2) Ankylosauridae; node (3) 
Ankylosaurinae; node (4) Nodosauridae. 


amniotes—the elaboration of individual skull elements (quad- 
ratojugal, squamosal, supraorbital bosses) and the coalescence 
of osteoderms with the skull surface (Vickaryous et al. 2001a). 


Systematics and Evolution 


A cladistic estimation of ankylosaur genealogy was conducted 
using PAUP*4.0b10 (Swofford 1999). A total of 21 of the best- 
known ankylosaur taxa were selected as the ingroup. Two 
outgroups were used to polarize the characters: the basal or- 
nithischian Lesothosaurus diagnosticus and the basal stegosaur 
Huayangosaurus taibaii. The character matrix includes 63 char- 
acters (44 cranial, 3 dental, 16 postcranial). Our analyses yielded 
15 equally most parsimonious trees; a strict consensus is pre- 
sented in figure 17.20: L= 154 steps, CI=0.484, RI=0.7434, RC= 
0.362. 

As indicated in the diagnosis, monophyly of Ankylosauria 
is well supported, including ten unambiguous (see above) and 
six ambiguous characters (quadratojugal boss rounded protuber- 
ance; cingulum on maxillary and dentary teeth; paranasal sinus 
cavities; quadrate-paroccipital process contact fused; flangelike 
acromion; pubis excluded from acetabulum). All 21 taxa exam- 
ined clustered into one of two main lineages, Ankylosauridae 
(all ankylosaurs closer to Ankylosaurus than to Panoplosaurus) or 
Nodosauridae (all ankylosaur closer to Panoplosaurus than to 
Ankylosaurus) (Sereno 1998; see also Coombs 1978b; Coombs and 
Maryanska 1990; Sereno 1997, 1999a; Vickaryous et al. 2001b; 
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Pisani et al. 2002; Hill et al. 2003; contra Kirkland 1998a; Car- 
penter 2001). 

The consensus phylogeny includes the interrelationships 
of 14 ankylosaurid species, of which all but one are from either 
Asia or North America. Diagnostic characters for Ankylosauridae 
include five unambiguous (squamosal boss pyramidal protuber- 
ance; raised nuchal sculpturing; premaxillary palate wider than 
long; premaxillary notch; mandibular ramus of pterygoid ori- 
ented rostrolaterally) and five ambiguous (quadratojugal boss 
deltoid protuberance; rostral face of pterygoid directed vertically 
or rostrally; postocular shelf; tail club; ventral border of coracoid 
straight in profile) features. In this hypothesis, Minmi is clus- 
tered within Ankylosauridae (contra Molnar 1980d; Coombs and 
Maryanska 1990; Kirkland 1998a; Carpenter 2001) and Tianzheno- 
saurus is nested within Pinacosaurus spp. 

Gargoyleosaurus parkpinorum from the later Jurassic (Kim- 
meridgian-Tithonian) of the United States is one of the smallest 
(skull length 29 cm, body length 3-4 m) and oldest ankylosaurs 
(Carpenter et al. 1998). Similar to most previous phylogenetic 
hypotheses (Sereno 1999a; Vickaryous et al. 2001b; Xu et al. 
2001b; Pisani et al. 2002; Hill et al. 2003), this analysis clusters 
Gargoyleosaurus as the sister group to all other ankylosaurids. 
The skull is embossed with cranial sculpturing, including 
prominent deltoid squamosal and quadratojugal bosses. The 
rostrum is narrow in dorsal view, and each premaxilla has seven 
conical teeth. Gargoyleosaurus is further characterized by a lin- 
early arranged nasal cavity proper, an incomplete osseous nasal 
septum, and the absence of an osseous secondary palate (Car- 
penter et al. 1998). Postcranial osteoderms include two sets of 
co-ossified cervical plates and several elongate conical spines. 

The most complete ankylosaur from the Southern Hemi- 
sphere is referable to Minmi paravertebra and an undescribed 
species from the Early Cretaceous (Aptian) of Australia (Molnar 
1980a, 1996). Similar to Gargoyleosaurus, Minmi is small (skull 
length 24 cm, skull width 29 cm, body length 3 m) and nested 
close to the base of Ankylosauridae (see also Sereno 1999a; 
Vickaryous et al. 2001b; Pisani et al. 2002; Hill et al. 2003). With 
the exception of the squamosal and quadratojugal bosses, the 
skull lacks most of the cranial ornamentation characteristic of 
other ankylosaurs and consequently many of the cranial sutures 
remain visible. Unique to Minmi is the presence of paravertebrae, 
broad bridges of bone that overlie the sacral ribs and join the ilia 
to the synsacrum, and elongate postacetabular processes (38% 
of total iliac length). 

Gastonia burgei, from the Early Cretaceous (Berriasian- 
Hauterivian) of the United States, is known from at least five 
individuals from the same locality (Kirkland 1998a). The skull 
(length 30 cm, width 28 cm) has a broad premaxillary notch and 
an elongate basipterygoid process; the maxillary dentition is 
arranged in a straight row of 15 or16 teeth, each lacking a cin- 
gulum (Kirkland 1998a). The synsacrum includes three sacral 
vertebrae and the pelvis is capped by a mosaic of co-ossified os- 
teoderms (“sacral shield”). 

Although Shamosaurus scutatus from the Early Cretaceous 
(Aptian-Albian) of Mongolia has long been considered a basal 
member of Ankylosauridae (Coombs and Maryanska 1990; 
Kirkland 1998a; Carpenter 2001), the current phylogeny sug- 
gests otherwise (see also Vickaryous et al. 2001b; Hill et al. 2003). 
Together with its sister taxon, Gobisaurus domoculus from the 
Early Cretaceous (Aptian-?Albian) of China, Shamosaurus is nested 
deep within the ankylosaurid lineage as the first successive 
outgroup to Ankylosaurinae. In addition to sharing a similar 
temporal/geographic distribution, Shamosaurus and Gobisaurus 
also have comparable cranial morphologies, including a deltoid 


dorsal profile with a narrow rostrum, a rounded squamosal, and 
quadratojugal protuberances; large elliptical orbits and exter- 
nal nares (Vickaryous et al. 2001b); and caudolaterally directed 
paroccipital processes. Furthermore, both taxa are large (Shamo- 
saurus: skull length 36 cm, skull width 37 cm; Gobisaurus: skull 
length 46 cm, skull width 45 cm). However, each may be dis- 
cretely diagnosed by various characteristics, including the length 
of the maxillary tooth row (in Shamosaurus it is 50% of the total 
skull length; in Gobisaurus it is just over 25%), manifestation 
of cranial sculpturing (present in Shamosaurus, absent in Gobi- 
saurus), and the presence of a uniquely elongate premaxillary 
process of the vomer in Gobisaurus (see Tumanova 1983, 1987, 
1999; Vickaryous et al. 2001b). The postcranium of these taxa 
has not been described in detail. 

The sister group to the clade (Shamosaurus + Gobisaurus) 
is Ankylosaurinae, defined as all ankylosaurs closer to Ankylo- 
saurus than to Shamosaurus (modified from Sereno 1998). Diag- 
nostic characters for Ankylosaurinae include two unambiguous 
features (the nuchal shelf obscures the occiput in dorsal view; 
the quadrate condyle is obscured laterally by the quadratojugal 
boss) and one ambiguous feature (the buccal emargination is 
strongly concave). 

At the base of Ankylosaurinae is Tsagantegia longicranialis, 
represented by a medium-sized skull (skull length 30 cm, skull 
width 25 cm) from the Late Cretaceous (Cenomanian-Santonian) 
of Mongolia. Unlike other ankylosaurines, in Tsagantegia the 
cranial ornamentation is not subdivided into a mosaic of poly- 
gons but isamorphous. Furthermore, compared to most ankylo- 
saurids, the squamosal and quadratojugal bosses are weakly 
developed. 

The youngest of the Asian ankylosaurs is Tarchia gigantea (skull 
length 40 cm, skull width 45 cm, body length 8 m). Known from 
the Late Cretaceous (?late Campanian-early Maastrichtian) of 
Mongolia, Tarchia has a pattern of cranial sculpturing resem- 
bling that of Saichania: a series of bulbous polygons. However 
Tarchia may be distinguished based on a larger basicranium, a 
premaxillary rostrum width greater than the maximum distance 
between the maxillary tooth rows, and an unfused paroccipital 
process—quadrate contact. 

Nested deep to Tarchia are two distinct clades of Late Creta- 
ceous forms, one consisting of North American taxa and the 
other restricted to Asian taxa. The oldest member of the Asian 
clade (the only form predating the Santonian) is Talarurus pli- 
catospineus from the (Cenomanian-Campanian) of Mongolia. 
Talarurus is known from various partial skeletons (including 
rostral, temporal, and occipital/basicranial regions; skull length 
~24 cm, skull width ~22 cm, body length 4-6 m). In addition 
to a pentadactyl manus and tetradactyl pes, Talarurus is also dis- 
tinguished by transversely broad hypapophyses of the dorsal 
vertebrae and osteoderms with characteristically furrowed or- 
namentation (Maryanska 1977; Tumanova 1999). 

Saichania chulsanesis from the (?middle Campanian) of Mon- 
golia is one of the largest ankylosaurs (skull length 46 cm, skull 
width 48 cm, body length 7 m) and may be characterized in part 
by cranial sculpturing composed of large bulbous polygons, a 
deep nasal vestibule with a dorsally positioned nasal aperture 
and a ventral paranasal aperture, a fused paroccipital process- 
quadrate contact, massive limb elements with well-developed 
scars and processes for musculotendinous attachment, and a 
unique cruciform sternal morphology (Maryanska 1977). Sai- 
chania has a remarkable propensity for developing bone, in- 
cluding sesamoids, platelike uncinate processes on the dorsal 
ribs, and osteoderms along the ventrum. Whereas Saichania is 
known only from Mongolia, an ongoing taxonomic debate sug- 


gests that two Late Cretaceous ankylosaurs recently described 
from Shanxia Province, China (Tianzhenosaurus youngi, Shanxia 
tianzhenesis), may represent junior synonyms of Saichania chul- 
sanensis. Tianzhenosaurus is a medium-sized ankylosaur repre- 
sented by a virtually complete skull and skeleton (skull length 
28 cm, skull width 29 cm, Pang and Cheng 1998) from the Late 
Cretaceous of China. Although Tianzhenosaurus does differ from 
Saichania in aspects of size (Tianzhenosaurus is approximately 
60% the size of Saichania), pattern of cranial sculpturing, and 
maxillary tooth row morphology, various authors have sug- 
gested that the two do not differ sufficiently to warrant taxo- 
nomic segregation (Sullivan 1999, Upchurch and Barrett 2000b; 
Carpenter 2001), contrary to the opinions here. The present ge- 
nealogical hypothesis supports the notion of Tianzhenosaurus 
as a valid taxon based on a unique combination of primitive 
and derived character states (see also Vickaryous et al. 2001b), and 
finds it nested as the sister group to Pinacosaurus mephisto- 
cephalus (see below). In contrast, Shanxia, known from less- 
complete material (a partial postcranium and part of the tem- 
poral and occipital/basicranial regions of a skull) from the Late 
Cretaceous of China, is regarded as a nomen dubium (see also 
Sullivan 1999, 2000a; Carpenter 2001; Vickaryous et al. 2001b). 

Pinacosaurus grangeri, from the Late Cretaceous (?late 
Santonian-middle Campanian) of Mongolia and China, is the 
only ankylosaur represented by numerous subadults, with 12 
individuals (each approximately 1.5 m in total length) from one 
locality (Jerzykiewicz et al. 1993). Adult-sized material is less 
well documented, although a skull is known (skull length 31 cm, 
skull width 34 cm, total body length 5 m, Gilmore 1933a; Maleev 
1952b; Maryanska 1977; Hill et al. 2003). More recently a new 
species of Pinacosaurus, P. mephistocephalus, has been described 
on the basis of subadult material (Godefroit et al. 1999). Both 
species of Pinacosaurus are diagnosed in part by a shallow nasal 
vestibule with two or more paranasal apertures, a lacrimal in- 
cisure, a quadrate condyle lying ventral to caudal margin of 
orbit, a strong craniolaterally divergent preacetabular process of 
the ilium, and a pentadactyl manus (Maryanska 1977; Buffetaut 
1995a; Godefroit et al. 1999; Hill et al. 2003). P. mephistocephalus 
differs from P. grangeri in terms of the arrangement of the para- 
nasal apertures, the shape of the lacrimal, and the length of the 
deltopectoral crest of the humerus (short in P. grangeri, long in 
P. mephistocephalus, Godefroit et al. 1999). However it remains 
unclear if these discrepancies reflect ontogenetic or taxonomic 
variation (Godefroit et al. 1999). While it is curious that sub- 
adults of both taxa have been collected from the North Canyon 
area of the Bayan Mandahu Red Beds of Nei Mongol Zizhiqu, 
China (Jerzykiewicz et al. 1993; Godefroit et al. 1999), mono- 
phyly of Pinacosaurus is not supported in this analysis, which 
indicates P. grangeri as the sister group to P. mesphistocephalus + 
Tianzhenosaurus, a result that likely reflects an inadequate knowl- 
edge of adult material for each taxon. 

The sister group to the Asian clade is made up of two North 
American taxa united on the basis of four unambiguous synapo- 
morphies (dorsal surface of the rostral region convexly domed; 
cingulum absent on maxillary and dentary teeth; the caudal mar- 
gin of the pterygoid transversely aligned with the ventral margin 
of the pterygoid process of the quadrate; crestlike acromion re- 
stricted to cranial margin of scapula). 

Euoplocephalus tutus from the Late Cretaceous (late 
Campanian-early Maastrichtian) of Canada and the United 
States is an extremely well-represented taxon, including numer- 
ous skulls, postcranial elements, and an in situ assemblage of 
osteoderms. Although most of the material represents adults 
(skull length 41 cm, skull width 48 cm, body length 6-7 m), some 
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subadult elements are also known (Coombs 1986; Vickaryous 
et al. 2001a). Euoplocephalus is diagnosed by a unique pattern of 
cranial sculpturing across the rostral region, small teeth with 
fluting that does not correspond to the position of apical den- 
ticles, a modified palpebral that articulates to occlude the orbit, 
a shallow nasal vestibule with a vertically oriented intranasal 
process of the premaxilla, and a tridactyl pes (Coombs and 
Maryanska 1990; Vickaryous and Russell 2003). 

Also from the Late Cretaceous (late Maastrichtian) of Canada 
and the United States is Ankylosaurus magniventris, the youngest 
and, thus far, largest known ankylosaur (skull length 55 cm, 
width ~70 cm, body length 8-9 m). The massive skull is char- 
acterized in part by a unique pattern of cranial sculpturing that 
continues superficially across the premaxillae, external nares 
that are not visible in rostral view, a prominent longitudinal de- 
pression demarcating the interpremaxillary suture along the 
rostrodorsal osseous secondary palate, and 34 or more small 
teeth (less than 7 mm mesiodistal length) in each of the maxilla 
and dentary. 

In addition to the taxa listed above, Nodocephalosaurus kirt- 
landensis (Late Cretaceous [late Campanian or early Maastricht- 
ian], United States) is provisionally assigned to Ankylosaurinae. 
Known from a partial skull, Nodocephalosaurus has a pattern of 
cranial ornamentation closely resembling that of Saichania and 
Tarchia, including pyramidal squamosal bosses, deltoid quadrato- 
jugal flanges, and a bulbous nodelike pattern of cranial sculptur- 
ing (Sullivan 1999). The skull also has a paranasal sinus cavity in 
the maxilla. 

The strict-consensus phylogeny includes seven nodosaurid 
species, all of which are North American. Diagnostic characters 
for Nodosauridae include three unambiguous characters (supra- 
orbital boss rounded protuberance; an occipital condyle derived 
from only the basioccipital; ornamentation present on the 
premaxilla) and one ambiguous feature (acromion a knoblike 
process). This estimate differs from previous hypotheses in sug- 
gesting a novel genealogical position of Cedarpelta (i.e., as anodo- 
saurid, contra Carpenter 2001). 

The basal member of Nodosauridae is Cedarpelta bilbeyhallo- 
rum from the Early Cretaceous (Berriasian-Hauterivian) of the 
United States. Cedarpelta is known from two large partial skulls 
(skull length ~60 cm, skull width ~40 cm), one of which is dis- 
articulated, and various undescribed postcranial elements (Car- 
penter et al. 2001a). Unique among nodosaurids (with the pos- 
sible exception of some fragmentary material from Texas, Jacobs 
et al. 1994), it is the only member without extensive cranial or- 
namentation. Cedarpelta is diagnosed in part by a premaxilla 
with six conical teeth, rostrocaudally elongate pterygoid with a 
caudolaterally oriented, trochlear-like process, an unpaired 
parietal element, and a straight ischium. 

Sauropelta edwardsorum, Silvisaurus condrayi, and Pawpaw- 
saurus campbelli, from the Early Cretaceous of the United States, 
form a basal polytomy nested deep to Cedarpelta. Sauropelta (late 
Aptian) is known from incomplete skull material (the rostral re- 
gion is unknown; skull width ~35 cm, body length 5 m) and a 
considerable amount of postcranial material including an in situ 
assemblage of osteoderms. The cervical armor includes three sets 
of co-ossified osteoderms, all of which have prominent keels and 
points (Carpenter and Kirkland 1998). In addition, Sauropelta 
may be characterized by a lengthy tail including at least 40 cau- 
dal vertebrae. Silvisaurus (late Aptian-early Cenomanian) is 
smaller than Sauropelta in overall size (skull length 33 cm, skull 
width 25 cm, body length 4 m), but the two taxa share several 
features including bulbous basal tubera and a mandible with at 
least 25 teeth. The osseous secondary palate of Silvisaurus is 
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poorly developed and each premaxilla accommodates eight or 
nine premaxillary teeth (Eaton 1960). Pawpawsaurus (late Albian) 
is known from a well-preserved skull (maximum length 25 cm, 
maximum width 20 cm, Lee 1996). Similar to Silvisaurus, the os- 
seous secondary palate is limited to the rostral end of the palatal 
region and the premaxilla has teeth (albeit only four). In con- 
trast to more deeply nested nodosaurids, the osseous nasal sep- 
tum does not completely segregate (sagittally) the nasal cavities 
proper. Lee (1996) identified a prevomer nested between the pre- 
maxillary elements, although subsequent investigations have 
not corroborated this observation (Carpenter and Kirkland 1998; 
Vickaryous and Russell 2001). 

The clade Panoplosaurus + Edmontonia includes three large 
species from the Late Cretaceous of Canada and the United 
States. All members lack premaxillary teeth and have a well- 
developed rostrodorsal component to the osseous secondary 
palate. Panoplosaurus mirus (late Campanian) is perhaps the 
smallest of the three (skull length 40 cm, skull width 30 cm, 
estimated body length 6 m) and is characterized by a rostrum 
that tapers in dorsal view, a distended palatal margin of the 
vomer, four sacral vertebrae, a rounded ventral margin of 
the coracoid, a tridactyl manus, and a unique cervical osteo- 
derm morphology (ovoid and craniocaudally elongate when 
viewed dorsally). In contrast, the rostrum of Edmontonia (late 
Campanian-Maastrichtian) has near parallel lateral surfaces 
when viewed dorsally, the ventral margin of the vomer is nar- 
row, there are three sacral vertebrae, the ventral margin of 
the coracoid is square, the manus is tetradactyl, and the cervical 
osteoderms are rectangular and transversely broad (Carpenter 
1990; Coombs and Deméré 1996). Furthermore, Edmontonia 
has been found with large spinelike osteoderms, a morphology 
unknown for Panoplosaurus. Whereas Edmontonia longiceps and 
E. rugosidens are large nodosaurids (respectively, skull lengths for 
both 49 cm, skull widths 29 cm and 43 cm, body lengths 6-7 m), 
the former has a narrower palate and a less prominent supra- 
orbital boss than the latter. Panoplosaurus and E. rugosidens are 
known to develop an osteoderm within the buccal (cheek) re- 
gion, laterally adjacent to the tooth rows. 

On the basis of comparable morphologies, two other gen- 
era are provisionally assigned to Nodosauridae: Animantarx and 
Struthiosaurus. Animantarx ramaljonesi (Early Cretaceous [early 
Cenomanian], United States) includes a partial skull and post- 
cranial skeleton. Like all other ankylosaurs, the mandible has 
ornamentation along the lateral surface of the angular and the 
postcranium includes a pelvis with an imperforate acetabulum. 
The distal margin of the ilium partially encircles the acetabulum 
laterally, similar to Euoplocephalus and Mymoorapelta, although 
this may represent a taphonomic artifact (Carpenter et al. 1999). 
Assignment to Nodosauridae is based on the presence of rounded 
supraorbital bosses and a knoblike acromion. 

Struthiosaurus includes three Late Cretaceous [Campanian- 
Maastrichtian] species from Europe (S. austriacus, S. languedo- 
censis, S. transylvanicus). S. austriacus and S. transylvanicus have 
cranial ornamentation over the basicranial region, similar to 
other ankylosaurs. Furthermore, in each of these taxa the oc- 
cipital condyle is formed from only the basioccipital, a char- 
acter independently derived in both nodosaurids and some 
ankylosaurines (Sereno 1999a; Averianov 2002). The two species 
differ from one another in that S. austriacus is smaller than 
S. transylvanicus, with less elongate cervical centra. Furthermore, 
whereas the quadrate-paroccipital process contact is fused in 
S. transylvanicus (similar to most ankylosaurids) it remains un- 
fused in S. austriacus (Pereda-Suberbiola and Galton 1994). S. aus- 
triacus has a horizontally oriented ilium; comparable elements 


are not known for S. transylvanicus. S. transylvanicus has a post- 
ocular shelf, a feature not preserved in S. austriacus (Pereda- 
Suberbiola and Galton 1994) and otherwise restricted to deeply 
nested ankylosaurids. Pereda-Suberbiola and Galton (1994, 
2001b) have suggested that the S. transylvanicus may be a junior 
synonym ofS. austriacus, although present material is inadequate 
to make this assignment. S. languedocensis lacks skull material 
but includes a synsacrum composed of ten co-ossified vertebrae, 
ribs fused to dorsal centra, a horizontally oriented ilium, and 
an imperforate acetabulum (Garcia and Pereda-Suberbiola 2003). 
S. languedocensis shares with S. austriacus an ischium without a 
distinct midshaft flexion but differs in that the shaft does not ta- 
per; S. languedocensis and S. transylvanicus differ in the shape of the 
dorsal vertebrae (Garcia and Pereda-Suberbiola 2003). Tentative 
assignment of Struthiosaurus to Nodosauridae is based on the pres- 
ence of a knoblike acromion in S. austriacus and S. transylvanicus. 
Although previous efforts had suggested nodosaurid affinity 
for a variety of other taxa, these are herein assigned to Ankylo- 
sauria incertae sedis. Among these taxa are three of the oldest 
known ankylosaurs, Sarcolestes leedsi, Dracopelta zbyszewskii, 
and Mymoorapelta maysi. Sarcolestes (Middle Jurassic [Callovian], 
England) consists of fragmentary material, including a partial 
mandible that has ornamentation along the lateral surface of 
the angular. Dracopelta (Late Jurassic [Kimmeridgian], Portugal) 
is represented by a partially articulated series of dorsal vertebrae 
with ribs and osteoderms. Material attributed to Mymoorapelta 
(Late Jurassic [Kimmeridgian-Tithonian], United States) consists 
of various osteoderms (including a sacral shield) and an ilium 
that partially encloses the acetabulum laterally. However, un- 
like all other ankylosaurs the acetabulum of Mymoorapelta is 
perforate (Kirkland and Carpenter 1994; Kirkland et al. 1998c). 
Three fragmentary taxa from the Early Cretaceous (late 
Berriasian-Barremian) of England (Hylaeosaurus armatus, Pola- 
canthus foxii, P. rudgwickensis) have the characteristic ankylo- 
saur features of robust limb elements and numerous osteo- 
derms. P. foxii is the best represented of the three and includes a 
horizontally oriented ilium, synsacrum, and sacral shield of 
co-ossified osteoderms. Blows (1987) referred a fragmentary 
mandible with ornamentation on its lateral surface to P. foxii. 
An incompletely known Early Cretaceous ankylosaur from the 
United States, Texasetes pleurohalio, is described as having a hor- 
izontally oriented ilium, imperforate acetabulum, osteoderms, 
and characteristically ankylosaur scapula morphology, includ- 
inga prominent acromion and prespinous fossa (Coombs 1995b). 
Hoplitosaurus marshii, Nodosaurus textilis, Niobrarasaurus coleii, 
and Stegopelta landerensis are each represented by partial, frag- 
mentary skeletal material from the Late Cretaceous of the 
United States. Nodosaurus is the most complete and includes a 
synsacrum, a horizontally oriented ilium, imperforate acetabu- 
lum, and osteoderms (Lull 1921; Carpenter and Kirkland 1998). 
Similar to some ankylosaurines, the dorsal ribs of Nodosaurus 
fuse to the centra. Niobrarasaurus is referable to Ankylosauria on 
the basis of sculpturing of the rostral region of the skull, a later- 
ally oriented ilium, a closed acetabulum, and numerous post- 
cervical osteoderms (Carpenter et al. 1995). A recently named 
taxon from the Late Cretaceous of China, Crichitonsaurus bohlini, 
includes a fragmentary mandible, teeth with a prominent cingu- 
lum, osteoderms, and various postcranial elements (Dong 2002). 
Another three genera representing four species are provision- 
ally assigned to Ankylosauria incertae sedis: Liaoningosaurus 
paradoxus, Amtosaurus magnus, A. archibaldi, and Anoplosaurus 
curtonotus. Liaoningosaurus (Early Cretaceous, China) is a small 
form with an estimated body length of 34 cm (Xu et al. 2001b). 
Whereas it is similar to other ankylosaurs in demonstrating var- 


ious osteoderms, Liaoningosaurus is unique among ankylosaurs 
in retaining an external mandibular fenestra. Xu et al. (2001b) 
also suggested that the antorbital fenestra might also be pres- 
ent, although details of the cranial morphology are wanting. 
Liaoningosaurus is diagnosed by an unusual sternal element 
morphology, a pes that is more than twice the length of the 
manus, extremely large maxillary and dentary teeth, anda mo- 
saic of fused osteoderms ventral to the pelvis. 

The Late Cretaceous Amtosaurus includes two species, A. mag- 
nus from Mongolia (Kurzanov and Tumanova 1978) and A. archi- 
baldi from Uzbekistan (Averianov 2002). As both species are 
known only from skull material restricted to the occipital/ 
basicranial region, recognition of Amtosaurus as a valid taxon is 
provisional. 

Anoplosaurus curtonotus (Late Cretaceous, England) has many 
features with comparable morphologies to ankylosaurs, includ- 
ing a scapula with a well-developed acromion. However, present 
material lacks all the diagnostic characters of ankylosaurs (the 
sacrum is unfused and no osteoderms have yet been recovered, 
Pereda-Suberbiola and Barrett 1999). 

Fragmentary and undiagnosable material demonstrating 
morphological similarities to ankylosaurs is also known from 
the Late Cretaceous of Antarctica (a fragment of a mandible, a 
tooth lacking a cingulum, osteoderms, a fragment of a?tail club, 
Gasparini et al. 1987), Argentina (a tooth with a cingulum, verte- 
brae, a femur, osteoderms, Salgado and Coria 1996; Coria and 
Salgado 2001), Japan (a partial skull and several teeth with cin- 
gula, Hayakawa and Carpenter 1996), and New Zealand (caudal 
vertebrae, a fragment of a rib, Wiffen 1996). 


Taphonomy 


Although ankylosaur material has been collected from marine 
sediments (Niobrarasaurus, Minmi, Pawpawsaurus), most is found 
in nonmarine strata. Numerous quarry locations are challeng- 
ing the notion that all ankylosaurs were necessarily solitary, 
with various taxa known from deposits representing two or more 
individuals (Cedarpelta, Gastonia, subadult Pinacosaurus grangeri, 
Struthiosaurus austriacus, Talarurus). In some localities ankylo- 
saurs are among the most commonly preserved dinosaur taxa 
(Gastonia, subadult Pinacosaurus grangeri, Sauropelta). Outside 
Asia and a few exceptional North American and Australian ex- 
amples, most ankylosaur material consists of fragmentary iso- 
lated elements and/or partial skeletons. Subadult Pinacosaurus 
grangeri have been collected from the eolian deposits of Bayan 
Mandahu, Inner Mongolia, China, with various borings of 
unknown etiology throughout the skeleton (Jerzykiewicz et al. 
1993). Fossilized gut contents are known for Minmi (Molnar and 
Clifford 2000, 2001). Among many North American and Euro- 
pean taxa, the skull frequently undergoes some degree of post- 
mortem deformation, including dorsoventral depression, medio- 
lateral compression, twisting, or a combination thereof. This 
deformation is correlated, at least in part, with the unusual skull 
architecture (fusion/obliteration of sutures, embossing cranial 
ornamentation). Consequently the skulls are often distorted, 
and the resulting aberrant morphologies are misleading (Vick- 
aryous and Russell 2003). 


Paleoecology and Behavior 


Evidence gleaned from fossil material and trackways suggests that 
ankylosaurs were ponderous obligatory quadrupeds (Coombs 
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1978b, 1979; Carpenter 1984). Functional analysis and myo- 
logical reconstruction of the fore- and hindlimbs indicates that 
the humerus was held caudoventrally oblique with respect to 
the long axis of the body, whereas the femur was virtually erect 
(Maryanska 1977; Coombs 1978b, 1979). Morphological char- 
acteristics of the forelimb, including the lengthy olecranon and 
stout humerus, have been suggested as fossorial adaptations, 
although the broad, blunt unguals of the manus are inconsistent 
with digging behavior (Coombs 1978b). The morphology of the 
pectoral apparatus, with its tightly sutured or fused scapula and 
coracoid, and heavy investment of superficial osteoderms prob- 
ably preclude cursoriality. Skeletal features and the pattern of 
muscular reconstruction of the hindlimbs also support the no- 
tion of sluggish locomotion. 

Restoration of the tail of Euoplocephalus indicates that the 
terminal club was normally held just above the ground, neither 
dragging nor being greatly elevated (Coombs 1995a). Further- 
more, the morphology of the caudal vertebrae and fusion of dis- 
tal centra limits the tail club’s vertical movements (Maryanska 
1977; Coombs 1995a). Three possible functions of the tail club 
have been suggested: as a defensive weapon against predators, 
for use in intraspecific combat, and (dubiously) as a lure mim- 
icking the skull (Thulborn 1993). The presence of ossified ten- 
dons distally along the tail club may have acted to transmit 
forces generated by the more proximally positioned muscula- 
ture (Coombs 1979). 

The distribution of ankylosaur trackways and footprints is 
nearly global, including Asia, Europe, North America, and South 
America (McCrea et al. 2001a). Most of the tracks are concen- 
trated in coastal and floodplain deposits, representing wet, well- 
vegetated habitats (McCrea et al. 2001a). Notwithstanding some 
material collected from eolian deposits in Asia, the notion of 
many ankylosaurs as denizens of wet environments is further 
supported by the concurrent presence of numerous aquatic ver- 
tebrates in many fossil localities. 

Ankylosaurs have long been considered to be predominantly 
or exclusively herbivorous (Leidy 1856; Lambe 1902; Hotton 
1955), with Minmi even demonstrating in situ gut contents con- 
sisting of fragmentary plant remains (Molnar and Clifford 2000, 
2001). The unusual architecture of the skull, coupled with the 
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small size of the individual teeth, led various authorities to pro- 
pose that jaw movements were strictly orthal and diet was lim- 
ited to “nonabrasive” plants (Russell 1940a; Haas 1969; Coombs 
1971; Galton 1986a). However, more recent analyses have sug- 
gested that, in at least some taxa, the dental apparatus was more 
effective than previously assumed. In Euoplocephalus, individual 
teeth possess microscopic striations, which, together with 
macroscopic wear facets (contiguous across adjacent teeth), two 
positions of stability at the quadrate articular fossa, and an 
amended quadrate position, point to complex jaw movements 
(Rybczynski and Vickaryous 2001). A revised model for jaw 
movements in Euoplocephalus involves bilateral retraction of the 
mandibular dentition against the maxillary tooth rows, with 
movement at the dentary-dentary and dentary-predentary 
contacts accommodating a slight medial pivoting of the lower 
jaw (Rybezynski and Vickaryous 2001). Wear facets suggesting 
tooth-tooth occlusion have also been recognized in other taxa 
(Tarchia, Barrett 2001). Complex jaw movements may have been 
facilitated by the presence of an osseous secondary palate. Bio- 
mechanical examination of bending strength in modern mam- 
mals indicates that the osseous secondary palate significantly 
increases the maximum force supported in the dorsoventral 
and mediolateral planes (Thomason and Russell 1986). Among 
ankylosaurs interpreted as utilizing a sophisticated power stroke 
(Euoplocephalus) varied patterns of loading would be expected, 
and consequently the osseous secondary palates likely acted, at 
least in part, as a structural brace (Coombs and Maryanska 1990; 
Vickaryous and Russell 2001; see also Busbey 1995). 

Among many ankylosaurs, structure of the osseous second- 
ary palate is concomitant with complexity of the nasal cavity 
proper and/or a paranasal sinus system (fig. 17.9). Functional 
elucidation of these features has been speculative and includes 
hypotheses related to skeletal support for an expanded olfactory 
epithelium, the presence of large glands, creation of a resonat- 
ing chamber, and use in heat/moisture conservation (Maryanska 
1977; Coombs 1978b; Coombs and Maryanska 1990). Witmer 
(1997a, 1997b) reviewed craniofacial pneumaticity in archosaurs 
and reasoned that paranasal sinus cavities are best explained as 
an optimization of skull architecture rather than as evolution- 
arily derived functional spaces. 
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Ornithopoda (table 18.1) is the name first used by Marsh (1881b) 
to designate bipedal, unarmored, herbivorous dinosaurs, some 
of which (hadrosaurids) had complex dentitions. Ornithopods 
have a stratigraphic range spanning the Lower Jurassic-Upper 
Cretaceous. The systematic position of the clade has been clari- 
fied and subsequently refined within a phylogenetic framework 
(Sereno 1986, 1998; Weishampel 1990a; Weishampel and Hein- 
rich 1992). Use of the terms Ornithopoda and Euornithopoda 
follows that established by Weishampel (1990a). 

The ornithopod clade includes the small heterodontosaurids 
from the Early Jurassic and euornithopods, which range widely 
in body size and are known from the Middle Jurassic to the end 
of the Cretaceous. Monophyly of Euornithopoda is reasonably 
well supported and was at one time considered by some to 
consist of two monophyletic taxa: Hypsilophodontidae and 
Iguanodontia (Milner and Norman 1984; Sereno 1984, 1986, 
1998; Sues and Norman 1990; Weishampel and Heinrich 1992). 
The former clade, however, has been the subject of reanalysis in 
recent years following the discovery of new taxa (Scheetz 1998, 
1999; Winkler et al. 1998). These latter contributions suggest 
that Hypsilophodontidae sensu Galton (1974a et seq.) may be 
paraphyletic. 

This chapter examines the anatomy, phylogeny, and paleo- 
biology of noniguanodontian Ornithopoda (from here on called 
basal ornithopods). Among these is Gasparinisaura cincosaltensis 
Coria and Salgado, 1996b. Although originally described as a 
basal iguanodontian from the Late Cretaceous of Argentina, its 
anatomy is more consistent with that of the basal ornithopods 
considered in this chapter, and this is borne out in the system- 
atic analysis. Basal ornithopod taxa can be arranged in succes- 
sively closer relationships to Iguanodontia through the serial 
acquisition of characters. 

Many of the ornithopods described here, particularly hetero- 
dontosaurids, are among the smallest known ornithischians 
(adult length of 1-2 m, although there are reports of larger 
individuals) and the stratigraphically oldest (Hettangian- 
Sinemurian). Basal members of Euornithopoda have a more 
extensive record through the remainder of the Mesozoic 
(Bathonian-Maastrichtian). All well-preserved heterodonto- 
saurid material comes from South Africa, although potentially 
additional material has been reported from Arizona, United 
States; Dorset, England; and Yunnan, China. Basal euornitho- 


pods have been collected from Asia, Australia, Europe, South 
America, North America, and Antarctica. Several new forms, 
from Arizona and Texas, United States (Crompton and Attridge 
1986; Winkler et al. 1988, 1998), and the Antarctica Peninsula 
(Hooker et al. 1991) have yet to be fully described. 

The skulls of these dinosaurs are modified principally in 
association with the species’ presumed herbivorous habits (de- 
pressed jaw joint, robust and closely packed teeth, extensive 
tooth wear). Locomotion is typically bipedal, and hindlimb 
anatomy and proportions indicate that many of these basal 
forms were cursorial (Coombs 1978a). These ornithopods have 
also proved to be the source of much new and intriguing infor- 
mation on growth, life histories, and soft anatomy. For example, 
Horner and Weishampel (1988, 1996), Long and McNamara 
(1995), and Scheetz (1999) have used growth-series informa- 
tion from several ornithopod species to examine the impact 
of heterochrony on the dynamics of dinosaurian evolution. 
Much more controversially, Fisher et al. (2000) claim putative 
cardiac remains within the articulated skeleton that they re- 
ferred to Thescelosaurus. 


Definition and Diagnosis 


Ornithopoda is a stem-based taxon defined as all cerapodans 
closer to Edmontosaurus than to Triceratops. It is diagnosed by 
the following features: ventral offset of the premaxillary oc- 
clusal margin relative to the maxillary tooth row, a crescentic 
paroccipital process, jaw articulation offset ventral to the max- 
illary tooth row, premaxilla contact with the lacrimal on the 
external surface of the snout. 


Anatomy 


Skull and Mandible 


Many skulls of basal ornithopods have been discovered. Among 
heterodontosaurids, two complete skulls and isolated cranial 
elements have been found for Heterodontosaurus tucki (figs. 18.1A, 
B, 18.2D; Crompton and Charig 1962), and somewhat less 
complete material has been referred to Abrictosaurus consors 
(Thulborn 1974; see also Charig and Crompton 1974; Hopson 
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TABLE 18.1 


Basal Ornithopoda 
Occurrence Age Material 
Ornithopoda Marsh, 1881b 
Heterodontosauridae Kuhn, 1966 
Abrictosaurus Hopson, 1975a 
A. consors (Thulborn, 1974) (= Lycorhinus Upper Elliot Formation, Hettangian- 2 skulls, 1 associated with 
consors Thulborn, 1974) (Cape Province), Upper ?Sinemurian fragmentary skeleton; 
Elliot Formation (Free material consisting of either 
State Province), South male and female or adult and 
Africa; Upper Elliot juvenile 
Formation (Qachas Nek), 
Lesotho 
Echinodon Owen, 1861b 
E. becklesii Owen, 1861b Middle Purbeck Beds Berriasian Isolated skull elements of at 
(Dorset), England least 3 individuals 
Heterodontosaurus Crompton et Charig, 
1962 
H. tucki Crompton et Charig, 1962 Upper Elliot Formation, Hettangian- 2 complete skulls, 1 associated 
Clarens Formation (Cape Sinemurian with complete skeleton, 
Province), Upper Elliot fragmentary jaw 
Formation, Clarens 
Formation (Free State 
Province), South Africa 
Lycorhinus Haughton, 1924 (= Lanasaurus 
Gow, 1975a) 
L. angustidens Haughton, 1924 Upper Elliot Formation Hettangian- Isolated dentary maxillae 
(= Lanasaurus scalpridens Gow, 1975a) (Cape Province), Upper ?Sinemurian 
Elliot Formation (Free State 
Province), South Africa 
Euornithopoda Sereno, 1986 
Agilisaurus Peng, 1990 
A. louderbacki Peng, 1990 Lower Shaximiao Bathonian- Nearly complete skeleton with 
Formation (Sichuan), Callovian skull 
People’s Republic of China 
Unnamed euornithopod (= “A.” multidens Lower Shaximiao Bathonian- Nearly complete skeleton with 
(He et Cai, 1983) (= Yandusaurus multidens Formation (Sichuan), Callovian skull 
He et Cai, 1983) People’s Republic of China 
Anabisetia Coria et Calvo, 1998b 
A. saldiviai Coria et Calvo, 2002 Rio Limay Formation Cenomanian- Partial skull and skeleton 
(Neuquén), Argentina early 
Turonian; 
Albian- 
Cenomanian 
Atlascopcosaurus Rich et Rich, 1989 
A. loadsi Rich et Rich, 1989 Eumeralla Formation, early Albian Maxilla, teeth 
(Victoria), Australia 
Bugenasaura Galton, 1995 
B. infernalis Galton, 1995 (?including Hell Creek Formation, late Three skulls and two nearly 
?Thescelosaurus garbanii Morris, 1976) (Montana), Hell Creek Maastrichtian complete skeletons, 
Formation (South Dakota), incomplete hindlimb, 
Lance Formation, Hell vertebrae 
Creek Formation 
(Wyoming), United States 
Drinker Bakker, Galton, Siegwarth, et Filla, 
1990 
D. nisti Bakker, Galton, Siegwarth, et Filla, Morrison Formation Kimmeridgian- _ Partial skull and postcranial 
1990 (Wyoming), United States Tithonian skeleton 
Fulgurotherium Huene, 1932 
F. australe Huene, 1932 partim Griman Creek Formation Valanginian- Femoral fragments, isolated 
(New South Wales), Albian postcranial elements, ?teeth 


Wonthaggi Formation 
(Victoria), Australia 


TABLE 18.1 (CONTINUED) 


Occurrence Age Material 
Gasparinisaura Coria et Salgado, 1996b 
G. cincosaltensis Coria et Salgado, 1996b Rio Colorado Formation Santonian- Skull and postcranial skeleton, 
(Rio Negro), Argentina early postcranial elements, juvenile 
Campanian to subadult 
Unnamed euornithopodan Shishugou Formation Bathonian- Dentary, sacral and caudal 
(= “Gongbusaurus” wucaiwanensis (Xinjiang Ugyur Ziziqu), Oxfordian vertebrae, partial forelimb, 
Dong, 1989 People’s Republic of China complete hindlimb 
Hypsilophodon Huxley, 1869b 
H. foxii Huxley, 1869b Wessex Formation, Vectis Barremian- 3 nearly complete skeletons, 
Formation (Isle of Wight), early Aptian approximately 10 partial 
England; Camarillas skeletons, cranial and 
Formation, Enciso Group postscranial elements 
(La Rioja), Spain 
Jeholosaurus Xu, Wang, et You, 2000a 
J. shangyuanensis Xu, Wang, et You, 2000a_ _—_—‘Yixian Formation Barremian Skull with associated 
(Liaoning), People’s vertebrae and hindlimb, 
Republic of China skull with associated cervical 
vertebrae 
Leaellynasaura Rich et Rich, 1989 
L. amicagraphica Rich et Rich, 1989 Eumeralla Formation early Albian Skull fragments, teeth, isolated 
(Victoria), Australia postcrania 
Notohypsilophodon Martinez, 1998 
N. comodorensis Martinez, 1998 Bajo Barreal Formation Cenomanian- Vertebrae, partial fore- and 
(Chubut), Argentina Coniacian hindlimb 
Orodromeus Horner et Weishampel, 1988 
O. makelai Horner et Weishampel, 1988 Oldman Formation, middle 3 partial skeletons, cranial and 
Dinosaur Park Formation, Campanian- postcranial elements 
Horseshoe Canyon early 
Formation (Alberta), Maastrichtian 
Canada; Judith River 
Formation, Upper Two 
Medicine Formation 
(Montana), United States 
Othnielia Galton, 1977b 
O. rex (Marsh, 1877b) (= Nanosaurus rex Morrison Formation Kimmeridgian- 2 partial skeletons, postcranial 
Marsh, 1877b, including Laosaurus gracilis (Colorado), Morrison Tithonian elements, teeth 
Marsh, 1878b; Laosaurus consors Marsh, Formation (Utah), 
1894) Morrison Formation 
(Wyoming), United States 
Parksosaurus Sternberg, 1937 
P. warreni (Parks, 1926a) (= Thescelosaurus Horseshoe Canyon Maastrichtian Incomplete skeleton, isolated 
warreni Parks, 1926a) Formation, Scollard postcranium 
Formation (Alberta), 
Canada 
Qantassaurus Rich et Vickers-Rich, 1999 
Q. intrepidus Rich et Vickers-Rich, 1999 Wonthaggi Formation Valanginian- 3 dentaries and teeth 
(Victoria), Australia Aptian 
Thescelosaurus Gilmore, 1913 
T. neglectus Gilmore, 1913 Lance Formation ?late Approximately 8 partial 
(including T: edmontonensis (Wyoming), Hell Creek Campanian, skeletons, cranial and 
C. M. Sternberg, 1940a) Formation (South Dakota), late postcranial elements, teeth 
Laramie Formation Maastrichtian 
(Colorado), United States; 
Scollard Formation, 
Horseshoe Canyon 
Formation (Alberta), 
Frenchman Formation 
(Saskatchewan), Canada 
Yandusaurus He, 1979 
Y. hongheensis He, 1979 Lower Shaximiao Formation Bathonian- Nearly complete skeleton with 
(Sichuan), People’s Callovian skull 


Republic of China 


(continued) 


TABLE 18.1 (CONTINUED) 


Occurrence Age Material 
Zephyrosaurus Sues, 1980a 
Z. schaffi Sues, 1980a Cloverly Formation late Aptian Partial skull, vertebrae, 
(Montana), United States 2 individuals 
Unnamed euornithopodan (= “Proctor Lake Twin Mountain Formation Aptian Numerous articulated skulls 


hypsilophodont,” Winkler and Murry, 1989) 


(Texas), United States 


and associated skeletons, 
juvenile to adult 


Nomina dubia 


Material 


Dianchungosaurus lufengensis Young, 1982b 
Geranosaurus atavus Broom, 1911 
Hypsilophodon wielandi Galton et Jensen, 1979b 
Laosaurus celer Marsh, 1878a 

Laosaurus minimus Gilmore, 1924b 


Fragmentary skull 
Fragmentary jaws 

Femur 

Vertebrae 

Partial hindlimb, vertebrae 


Nanosaurus agilis Marsh, 1877d 
Phyllodon henkeli Thulborn, 1973a 
Siluosaurus zhangqiani Dong, 1997b 


Teeth 
Teeth 


Partial skeleton 


A NARS RRA 


FIGURE 18.1. A, Heterodontosaurus tucki, skull in right lateral view; B, occipital view of the same skull. Scale = 2 cm. (From Weishampel and 


Witmer 1990b.) 


1980b; Crompton and Attridge 1986). Partial maxillae and a 
fragmentary dentary, all bearing teeth, are known for Lycorhinus 
angustidens (fig. 18.2A, C; Haughton 1924; see also Gow 1975a, 
1990b; Hopson 1975a). Among basal euornithopods, the skull is 
probably best known from several individuals of Hypsilophodon 
foxii at different ontogenetic stages (fig. 18.3A; Huxley 1869b; 
Galton 1974a), although several other taxa are represented by 
either complete or at least partial skulls. Those taxa for which 
relatively complete skulls have been found include Agilisaurus 
louderbacki (fig. 18.4A; He and Cai 1983; Peng 1990, 1992, 1997), 
Bugenasaura infernalis (fig. 18.4D; Morris 1976; Fisher et al. 2000), 
Thescelosaurus neglectus (fig. 18.4C; Gilmore 1915b; Galton 
1995), Orodromeus makelai (fig. 18.4B; Horner and Weishampel 
1988; Scheetz 1999), and Gasparinisaura cincosaltensis (fig. 18.5A; 
Coria and Salgado 1996b). In addition, a relatively complete, but 
highly deformed skull is known for Parksosaurus warreni (fig. 
18.5C; Parks 1926b; Galton 1973c, 1995). Othnielia rex is known 
from incomplete skull remains, but a nearly complete skull is 
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reported to be in private hands (Galton 1983c). Other basal eu- 
ornithopods are known with incomplete skull material, in- 
cluding Leaellynasaura amicagraphica and Atlascopcosaurus loadsi, 
from Australia (Rich and Rich 1989; Rich and Vickers-Rich 
1999), Zephyrosaurus schaffi (fig. 18.5B; Sues 1980b) and Drinker 
nisti from North America (Bakker et al. 1990), and “Gongbu- 
saurus” wucaiwanensis, and Yandusaurus hongheensis from Asia 
(He 1979; Dong and Tang 1983; Dong 1989). 

In all cases, the skulls of these taxa are comparatively small 
and the facial skeletons moderately short and high. Where 
known, the skull is not much modified from the cranial propor- 
tions observed in juveniles. In immature skulls, however, the 
snout is truncated with an abrupt downward slope (viz. the 
juvenile material of Abrictosaurus consors and Agilisaurus louder- 
backi). In some of the geologically youngest taxa, Parksosaurus 
warreni, Thescelosaurus neglectus, and Bugenasaura infernalis among 
them, the facial skeleton is long, forming a rather low, rostrally 
extended profile. 


FIGURE 18.2. A, Maxillary tooth of Lycorhinus angustidens; B, dentary 
tooth of Abrictosaurus consors; C, dentary tooth of Lycorhinus angustidens; 
D, worn dentary tooth of Heterodontosaurus tucki. Scale = 5 mm. (A after 
Gow 1975a; B after Thulborn 1974; C after Hopson 1975a; D from 
Weishampel and Witmer 1990b.) 


The orbit, infratemporal fenestra, and antorbital fossa are 
large in proportion to the overall size of the skull (figs. 18.1, 
18.3-18.5) but the external naris is small, never more than 15% 
of the skull length. The orbit is either circular or slightly oval and 
encloses a ring of sclerotic ossicles. The infratemporal fenestra 
ranges from high and narrow to obliquely oval in outline and, in 
Thescelosaurus neglectus, Hypsilophodon foxii, Orodromeus makelai, 
and Agilisaurus louderbacki (possibly also Parksosaurus warreni), it 
is bordered by the squamosal and postorbital dorsally and the 
jugal, quadratojugal, and quadrate ventrally. Gasparinisaura 
cincosaltensis has approximately the same condition as the afore- 
mentioned species, but the quadrate is reported (Coria and Sal- 
gado 1996b) to be excluded from the caudal margin by the con- 
joined quadratojugal and squamosal. In Heterodontosaurus tucki 
(fig. 18.1A) and Agilisaurus louderbacki (fig. 18.4A), however, the 
infratemporal fenestra is wide and high (rhomboid in H. tucki), 
bordered by the postorbital and squamosal dorsally and the 
quadratojugal and jugal ventrally. 

The antorbital fossa forms a pocketlike recess in the lateral 
wall of the maxilla. Its rostral margin has the form of a rounded 
ridge that runs parallel to the suture between the premaxilla and 
maxilla. The dorsal and caudal margins of the fossa are formed 
by the lacrimal and these are sharp edged where this margin 
overhangs the recess formed by the fossa. In Heterodontosaurus 
the caudal margin of the fossa extends as a notch onto the 
maxillary process of the jugal (fig. 18.1A). Largest in H. tucki 
and smallest in Parksosaurus warreni, the fenestra that bounds 
the antorbital fossa is subtriangular in H. tucki, Hypsilophodon 
foxii, “Agilisaurus” multidens, and A. louderbacki; subcircular in 
Orodromeus makelai, Gasparinisaura cincosaltensis, Thescelosaurus 


neglectus, and Bugenasaura infernalis; and crescentic in P. warreni. 
Bounded dorsally and caudally by the lacrimal, the inner wall of 
the antorbital fossa of Heterodontosaurus and H. foxii displays two 
subsidiary foramina: the principal opening is a teardrop-shaped 
foramen at the back of the fossa adjacent to the contact between 
the maxilla and jugal and a smaller rostral opening lying be- 
neath the contact of the maxilla with the lateral process of the 
premaxilla. 

The rostral region of the premaxilla is edentulous for a dis- 
tance amounting to at least the dimension of one tooth posi- 
tion. Its outer surface is rugose and probably supported a small, 
keratinous rhamphotheca in life. In Zephyrosaurus schaffi, the 
premaxillae are fused with each other, but in other taxa they 
remain separate, although obviously tightly connected with 
strong sutural ligaments (Sues 1980b; Weishampel 1984c). Di- 
rectly behind the beak margin the premaxilla of adult Abricto- 
saurus consors and Heterodontosaurus tucki accommodates three 
teeth, the last of which is enlarged as a caniniform. In the juve- 
nile specimen of A. consors there are two premaxillary teeth, but 
no indication of a caniniform. In addition, in these two taxa, the 
caudal edge of the premaxilla bears a pocketlike recess for the 
caniniform tooth of the dentary. In Agilisaurus louderbacki, 
Hypsilophodon foxii, Zephyrosaurus schaffi, and Thescelosaurus 
neglectus, Orodromeus makelai, Bugenasaura infernalis, there are five 
premaxillary teeth. Premaxillary teeth have also been reported 
to be in cranial material attributed to Othnielia rex. However, 
none are caniniform and there is no diastema or pocketlike re- 
cess to accommodate a caniniform dentary tooth. Premaxillary 
teeth are reported in Drinker nisti (Bakker et al. 1990). 

Primitively in ornithopods the ventral margin of the pre- 
maxilla is offset to a level below that of the maxilla (Sereno 
1986). The dorsal process of the premaxilla, where it forms the 
upper margin of the external naris, is slender and smoothly 
arched. Several small foramina are visible within the narial fossa, 
along the rostral margin of the external naris; these are seen par- 
ticularly well in Zephyrosaurus schaffi (Sues 1980b) and Hypsilo- 
phodon foxii (Galton 1974a). One foramen communicates with 
the palatal surface of the premaxilla rostral to the first tooth po- 
sition and, in H. foxii at least (Galton 1974a), opens into a cavity 
within the body of the premaxilla. The caudal end of the body 
of the premaxilla is jointed against the front edge of the maxilla; 
this joint is especially distinctive in Zephyrosaurus schaffi (fig. 
18.5; Sues 1980b) and Orodromeus makelai (fig. 18.4B; Scheetz 
1999), and this may reflect the initial development of a second- 
ary (i.e., rostrolateral) premaxillary-maxillary articulation. The 
narrow, elongate lateral process of the premaxilla of Heterodonto- 
saurus tucki extends to the junction between the prefrontal and 
lacrimal (fig. 18.1A), removing external contact between the 
nasal and maxilla (unfortunately this region is not known in 
other heterodontosaurids). In contrast, the lateral process of the 
premaxilla is short and does not completely separate the max- 
illa and nasal on the side of the face in most basal euornitho- 
pods: Parksosaurus warreni, Thescelosaurus neglectus, Hypsilophodon 
foxii, and Agilisaurus louderbacki. The sagittal premaxillary su- 
tural surface includes a distinct slot to accommodate the rostral 
processes of the maxillae, as well as the rostral process of the 
fused vomers (cf. Hypsilophodon, Galton 1974a). 

The nasal, in turn, roofs the nasal cavity and forms the dor- 
sal margin of the external naris in all the taxa under consider- 
ation here. A generally narrow element widening caudally as it 
approaches the skull roof, each nasal articulates with the rostral 
end of the lacrimal via a ridge-and-groove arrangement; its 
caudolateral edge bears a groove for reception of the prefrontal 
and it overlaps the frontal caudally. 
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FIGURE 18.3. Skull and teeth of Hypsilophodon foxii: A, B, skull in left lateral and dorsal views; C, left lower jaw (without 
predentary) in lateral, 1, and dorsal, 2, views; D, maxillary crown in buccal view; E, dentary crown in buccal view. 


Scale = 2 cm (A, B, C), 1 cm (D, E). (After Galton 1974a.) 


In ornithopods the rostrodorsal margin of the maxilla con- 
tacts the lateral process of the premaxilla along a shallow, con- 
vex articular surface. At its most rostral end the maxilla also 
backs the steplike gap between the premaxillary and maxillary 
dentitions. This structure is exaggerated in Heterodontosaurus 
tucki (fig. 18.1A) and Abrictosaurus consors as a result of the pres- 
ence of the recess for the enlarged dentary caniniform. 

Dorsally, the maxilla has a short contact with the nasal (ex- 
cept in Heterodontosaurus tucki) and overlaps the lacrimal both 
medially (where it contributes to the inner wall of the antorbital 
fossa) and laterally. Caudodorsally, the lateral maxillary surface 
forms a prominent combined suture for the lacrimal and jugal. 
Ventral to this position, the tooth row is inset from the side of 
the skull and creates an overhang; the tooth row of the dentary 
is similarly inset. The longitudinal facial recess formed by the 
inset maxillary and dentary dentition strongly hints at the 
presence of some form of fleshy cheek. A number of variably 
sized neurovascular foramina open onto the lower lateral por- 
tion of the maxillary recess, at least in Lycorhinus angustidens, 
Abrictosaurus consors, Zephyrosaurus schaffi, Hypsilophodon foxii, 
Gasparinisaura cincosaltensis, Atlascopcosaurus loadsi, “Agilisaurus” 
multidens, A. louderbacki, Thescelosaurus neglectus, and possibly 
in Parksosaurus warreni. The medial and dorsal surface of the 
caudal end of the maxilla shows a prominently scarred sutural 
surface for the palatine. 
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In heterodontosaurids, 11 maxillary tooth positions are known 
in Heterodontosaurus tucki, 12 in Abrictosaurus consors, and at 
least 12 in Lycorhinus angustidens. Among basal euornithopods, 
Hypsilophodon foxii has 11 or 12 maxillary tooth positions, which 
is similar to the condition in Atlascopcosaurus loadsi. There are 
12 or 13 positions in Leaellynasaura amicagraphica and Gasparini- 
saura cincosaltensis, 14 or 15 in Zephyrosaurus schaffi and Agili- 
saurus louderbacki, perhaps 18 in Parksosaurus warreni, and as 
many as 20 in “A.” multidens, Thescelosaurus neglectus, and Bugena- 
saura infernalis. In Orodromeus makelai, the tooth number is 
thought to range ontogenetically from 10 to 13 (Scheetz 1999). 
In all cases, the tooth row is either straight or slightly laterally 
concave in ventral view. 

The jugal of both heterodontosaurids and basal euornitho- 
pods is straplike and links the maxilla to the suspensorium, 
closing off the orbit and infratemporal fenestra ventrally and 
enclosing the adductor chamber. Rostrally, the body of the jugal 
forms a long, overlapping suture with the dorsolateral surface 
of the maxilla. In Heterodontosaurus (fig. 18.1A) the external sur- 
face of this process is excavated by a caudal extension of the 
antorbital fossa; the antorbital fossa does not extend on to the 
jugal in other taxa. A stout jugal boss projects laterally from 
the external surface of the jugal in Heterodontosaurus tucki, 
Zephyrosaurus schaffi, and Orodromeus makelai (figs 18.1A, 18.4B, 
18.5B). In Heterodontosaurus tucki, the caudal process of the jugal 
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FIGURE 18.4. Skulls of various basal ornithopods: A, Agilisaurus louderbacki; B, Orodromeus makelai; C, Thescelosaurus neglectus; 
D, Bugenasaura infernalis. Scale = 20 mm (A, B), 5 cm (C, D). (A after Peng 1997; B after Scheetz 1999, copyright R. Scheetz; C, D after 
Galton 1995.) 
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FIGURE 18.5. Skulls of various basal ornithopods: A, Gasparinisaura cincosaltensis; B, Zephyrosaurus schaffi; C, Parksosaurus warreni. Scale bar = 2 cm. 
(A after Coria and Salgado 1996b; B after Sues 1980b; C after Galton 1995.) 


forms an interdigitate suture with the quadratojugal, whereas in 
euornithopods the joint is an apparently simple, overlapping 
arrangement. The caudal process is especially deep and does 
not contact the quadrate in basal euornithopods. The ventral 
margin and sides of this caudal process are generally striated, 
presumably reflecting the attachment of connective tissues as- 
sociated with the cheeks. Ventral to the jugal-quadratojugal ar- 
ticulation, a prominent ventral extension of the jugal descends 
across the surangular portion of the coronoid process in H. tucki, 
the only species for which this condition is known. 

In Heterodontosaurus tucki and perhaps Abrictosaurus consors, 
the quadratojugal is large, practically coextensive with, and ly- 
ing lateral to, the quadrate. The dorsal process is sutured along a 
short, interdigitate contact, with the prequadratic process of 
the squamosal. In virtually all taxa, the quadratojugal forms the 
caudal half of the ventral margin of the infratemporal fenestra 
(it is excluded from the caudal margin of the fenestra by the 
extensive caudal process of the jugal in Agilisaurus louderbacki). 
It is pierced by a prominent foramen in Hypsilophodon foxii, sim- 
ilar to the condition in the basal iguanodontian Tenontosaurus 
tilletti. The same feature may also apply to Gasparinisaura cinco- 
saltensis (Coria and Salgado 1996b; D. Suzuki, pers. comm.), 
although the quadratojugal is highly eroded in this region. 

The lacrimal forms the caudal and dorsal margins to the ant- 
orbital fenestra. The thickened ventral margin rests on the dotr- 
sal end of the jugal in a short, simple articulation and the orbital 
margin bears the opening for the nasolacrimal canal. 

In all cases for which the palpebral is known, it tapers as it 
curves across the dorsal region of the orbit. It is short (less than 
70% of the orbit diameter) in Hypsilophodon foxii, Zephyrosaurus 
schaffi, Thescelosaurus neglectus, Orodromeus makelai, and Agili- 
saurus louderbacki. The palpebral is much longer, often reaching 
the orbital margin of the postorbital, in Bugenasaura infernalis, 
Agilisaurus louderbacki, Gasparinisaura cincosaltensis, and Hetero- 
dontosaurus tucki. The base of the palpebral contacts the orbital 
margin at the prefrontal-lacrimal suture in Heterodontosaurus 
tucki, Bugenasaura infernalis, Agilisaurus louderbacki, Orodromeus 
makelai, and possibly Thescelosaurus neglectus, and Parksosaurus 
warreni. Alternatively, it contacts the prefrontal alone (in Gas- 
parinisaura cincosaltensis, Hypsilophodon foxii, and possibly in 
Zephyrosaurus schaffi and “Agilisaurus” multidens). 

The prefrontal forms a jointed suture with the lacrimal, while 
medially, it contacts both the nasal and frontal. Each frontal has 
the approximate shape of a somewhat compressed pentangle in 
dorsal view, indented laterally where it forms the concave, thin, 
and rugose margin of the orbit. Laterally, it contributes to the 
dorsal margin of the orbit, and caudally, it forms a moderately 
interdigitate transverse suture with the parietal. The interfrontal 
suture runs straight along the midline of the skull. Laterally, the 
frontal forms an undulating suture with the postorbital. 

The short medial process of the postorbital meets the frontal 
and a small portion of the parietal along a coarsely interdigitate 
suture. The caudal process overlaps, and interfingers with, the 
squamosal, forming the upper temporal bar. The central region 
of the postorbital adjacent to the orbital margin is often ex- 
panded and rugose, possibly reflecting a cartilaginous or con- 
nective tissue attachment area for the palpebral. In Heterodonto- 
saurus tucki, the ventral process of the postorbital meets the jugal 
along an unusually stable, interdigitate suture to form the post- 
orbital bar. In contrast, all other taxa maintain an oblique, and 
apparently weak, scarf joint between these two bones. The lat- 
eral surface of the postorbital in H. tucki is marked by a promi- 
nent dorsoventrally oriented ridge that may reflect the attach- 
ment of an unusually well-developed M. adductor mandibulae 


400 DINOSAUR SYSTEMATICS 


externus pars superficialis; in all others, the external surface of 
the postorbital is unsculpted. 

The body of the squamosal is dominated by a caudolaterally 
and slightly ventrally facing recess that receives the quadrate 
head. In all taxa except Heterodontosaurus tucki, the lateral face 
of the squamosal, directly above and rostral to the quadrate 
cotylus, bears the scar for M. adductor mandibulae superficialis 
pars externus. The short and robust rostral process of the 
squamosal contacts the postorbital in an interdigitate joint in 
H. tucki and an intricate scarf joint in other taxa. The pre- 
quadratic process is robust and meets the dorsal process of the 
quadratojugal to exclude the quadrate from the margin of 
the infratemporal fenestra in H. tucki, “Agilisaurus” multidens, 
Gasparinisaura cincosaltensis, and possibly Abrictosaurus consors. 
In A. louderbacki, Thescelosaurus neglectus, Orodromeus makelai, 
and Hypsilophodon foxii, however, the prequadratic process is 
shorter, terminating well above the dorsal tip of the quadrato- 
jugal. Caudally, the squamosal contributes only a short post- 
quadratic process to the lateral aspect of the paroccipital process. 

From its articulation with the squamosal, the quadrate arches 
forward and downward to a transversely expanded mandibular 
condyle. The dorsal head is small and ovoid in shape, often sup- 
ported caudally by a buttress that rests against the adjacent 
paroccipital process. The medial side of the quadrate shaft bears 
a thin, vertical sheet of bone that forms an extensive overlap 
with the equally winglike quadrate ramus of the pterygoid. The 
lateral wall of the quadrate shaft is excavated to form an exten- 
sive sutural surface for the quadratojugal. In Heterodontosaurus 
tucki, a small paraquadratic foramen is found on the caudal sur- 
face of the midsection of the quadrate shaft. The mandibular 
condyle is, to a variable degree, divided into a prominent lateral 
and smaller medial portion. 

Returning to the top of the skull, the fused parietals form a 
saddle-shaped plate covering the central portion of the skull 
roof and divided in the midline by a sagittal crest. In dorsal view, 
a median process may be visible (fig. 18.3B; Hypsilophodon, Gal- 
ton 1974a) fitting between frontals, while lateral spurs contact 
the postorbitals. The caudal margin is incised but covers much 
of the supraoccipital. 

The braincase is known in Heterodontosaurus tucki, Hypsilo- 
phodon foxii (Galton 1974a), Zephyrosaurus schaffi (Sues 1980b), 
Orodromeus makelai (Scheetz, 1999), and Thescelosaurus neglectus 
(Galton 1997b); many other taxa offer additional information. 
Showing a general sauropsid configuration, the prootic, opis- 
thotic, and exoccipital form the lateral walls, the basioccipital, 
basisphenoid, and parasphenoid make up the braincase floor, 
and the parietals and supraoccipital form the roof. The rostro- 
lateral extremity of the laterosphenoid is expanded into a 
transverse condyle that fits into a well-delimited depression on 
the ventral aspect of the frontal and postorbital. The para- 
sphenoid and orbitosphenoid are found across the back of the 
orbit. The foramen for n. trigeminus (c.n. V) is surrounded by a 
fossa positioned topographically at the junction of the latero- 
sphenoid, prootic, and basisphenoid. More caudally, the prootic 
laterally overlaps the opisthotic to enclose the otic capsule. The 
crista prootica crosses the external surface of these two ele- 
ments and merges with the base of the paroccipital process. 
Running vertically through the prootic-opisthotic complex from 
the parietal incisure is a foramen for the vena cerebralis media. 
Immediately caudal to the prominent trigeminal fossa on the 
side of the braincase is a longitudinal row of foramina. The fora- 
men for n. facialis (c.n. VII) is found as a discrete opening at 
the top of a dorsoventral groove that transmitted the palatine 
branch of this nerve to the opening of the internal carotid canal 


and then rostrally, entering the pituitary fossa within the basi- 
sphenoid. More caudally there is an auditory recess containing 
the fenestra ovalis for the footplate of the stapes and subsidiary 
foramina accommodating n. glossopharyngeus (c.n. IX) and 
v. jugulare; beyond this region there are foramina for nn. vagus 
and accessorius (c.nn. X, XI), and a foramen for n. hypoglossus 
(c.n. XIJ)—the degree to which these are preserved varies 
among taxa. 

Projecting rostroventrally from the base of the basisphenoid, 
the basipterygoid process articulates with a reciprocal surface on 
the central plate of the pterygoid. A swollen basal tuber is lo- 
cated caudal to the basipterygoid process and marks the area 
of the basioccipital suture. The basioccipital has the approxi- 
mate form of a hemicylinder and contributes to the median 
floor of the endocranial cavity. The lateral and ventral walls of 
the basioccipital are frequently marked by muscle scars associ- 
ated with anchorage of the median neck musculature. The cau- 
dal end of the basioccipital is expanded to form the bulk of the 
occipital condyle, which ranges in form from crescentic to sub- 
spherical in caudal aspect. 

The caudal region of the braincase is dominated by the opis- 
thotic that flares obliquely laterally to form a stout, somewhat 
barlike paroccipital process. In occipital view the supraoccipital 
contributes much of the dorsal rim of the foramen magnum 
(fig. 18.1B). In Heterodontosaurus tucki, Zephyrosaurus schaffi, and 
Hypsilophodon foxii, a circular vascular foramen is found in the 
caudal face of each paroccipital process near its dorsal edge; this 
probably represents a remnant of the posttemporal fenestra and 
transmitted vena capitis dorsalis. Small exoccipitals form the 
ventrolateral margins of the foramen magnum and contribute 
as condylids to the cranioatlantal joint; the remaining, larger 
part of the occipital condyle is formed by the basioccipital. 

The palate where known is moderately vaulted (viz. Hypsilo- 
phodon foxii, Galton 1974a). Rostrally, the fused vomers form a 
narrow median spine that deepens and subdivides caudally, 
forming plates of bone that curve upward and increase in depth. 
Each vomer has a loose ventral contact with the palatine and 
the palatine ramus of the pterygoid. The palatine is fan-shaped 
and dished dorsally where it floors the orbit and sutures firmly 
with the caudal process of the maxilla along a ridged surface. 
The palatine extends caudally and contacts the pterygoid along 
the rostral margin of the latter element. The triradiate pterygoid 
forms much of the suspensorium that links the braincase, 
maxilla, and rostral portion of the palate by means of an array of 
thin rami. The central part of the pterygoid (from which all the 
rami radiate) articulates with the basipterygoid processes of 
the basisphenoid. The quadrate ramus consists of two parts: a 
more ventral horizontal region that is short and stout and a more 
dorsal contact that is high, thin, and oblique. The rostral edge of 
the ventral part of the ramus contacts the ectopterygoid later- 
ally, and then projects ventrally nearly to the level of the mandi- 
bular condyle. In all cases, the sharply curved ectopterygoid 
forms a stout, straplike element that helps to lock the maxilla 
and pterygoid together. 

The predentary is scoop-shaped and has paired lateral pro- 
cesses that cap the rostral end of each dentary and a short me- 
dian ventral process that underlies the dentary symphysis. The 
oral margin is sharp and unserrated. The body of the predentary 
of Abrictosaurus has a large foramen on its lateral aspect (Thul- 
born 1974). In both Abrictosaurus and Heterodontosaurus the 
predentary fits against the slightly inflated blunt rostral surface 
of each dentary, creating a spheroid joint between them 
(Weishampel 1984c); in basal euornithopods this articulation 
is more constrained. 


Caudally, the dentary becomes thicker, deeper, and diver- 
gent, especially where it forms an elevated coronoid process. In 
Abrictosaurus consors (Thulborn 1974) three foramina are found 
at the rostral end of the dentary near its contact with the pre- 
dentary; such foramina may be lacking in Heterodontosaurus 
tucki. Otherwise, a number of prominent neurovascular foram- 
ina are found along the body of the dentary along the approxi- 
mate margin of the floor of the buccal recess. A discrete coronoid 
process (rather than a rounded eminence) is developed and rises 
above the ventral edge of the jugal. In all taxa the jaw articula- 
tion is set below the occlusal plane of the dentary dentition and 
the latter is inset from the side of the dentary, producing a pro- 
nounced buccal recess (figs. 18.1A, 18.3A). Each mandibular 
ramus has a sinuous outline in occlusal view, and the tooth row 
extends along the medial edge of the dentary, terminating at 
the base of the coronoid process (fig. 18.3C). 

The number of tooth positions in the dentary dentition is vari- 
able. Thirteen tooth positions are preserved in Heterodontosaurus 
tucki (the first is occupied by a large, strongly caniniform tooth 
and accounts for the rostral expansion of the dentary), 13 or 14 are 
recorded in Abrictosaurus consors, Hypsilophodon foxii, Othnielia 
rex, Orodromeus makelai, and possibly “Gongbusaurus” wucaiwa- 
nensis, and 18 or more in Thescelosaurus neglectus, Agilisaurus 
louderbacki, “A.” multidens, and Parksosaurus warreni. 

The surangular forms a caudal buttress for the coronoid 
process, the lateral wall of the mandibular fossa, the outer edge 
of the glenoid (including a lip or buttress somewhat rostral to 
the articulation), and the lateral wall of the retroarticular pro- 
cess. Contact with the dentary (sometimes at the junction with 
the angular) is often marked by a small foramen that probably 
represents the remnant of the external mandibular fenestra (seen 
in Heterodontosaurus tucki, Hypsilophodon foxii, Thescelosaurus ne- 
glectus, Bugenasaura infernalis, and Gasparinisaura cincosaltensis). 

The coronoid, known in Hypsilophodon foxii, Orodromeus 
makelai, and Thescelosaurus neglectus, fits against the medial sur- 
face of the coronoid process of the dentary and projects slightly 
above it; its rostral extent is unclear. The prearticular forms the 
medioventral wall of the adductor fossa and medially contacts 
the dentary, surangular, and articular. The articular forms the 
medial portion of the jaw joint as well as the medial surface 
of the retroarticular process. In lateral view, the angular over- 
laps the external surface of the surangular, but has little medial 
exposure, such that it contributes only a wedge to the caudo- 
ventral border of the mandible. The large splenial makes up most 
of the medial aspect of the mandible at its midsection, where it 
covers the mandibular canal. 

In Agilisaurus louderbacki, Hypsilophodon foxii, Zephyrosaurus 
schaffi, Orodromeus makelai, Thescelosaurus neglectus, and Bugena- 
saura infernalis, the premaxillary teeth are small, peglike, and 
slightly recurved. The crowns of all premaxillary teeth are com- 
pletely covered by enamel. In Heterodontosaurus tucki, the first 
two premaxillary teeth are roughly the same, while the third 
(and last) is caniniform with fine serrations on both mesial and 
distal margins. The absence of a caniniform tooth led Thulborn 
(1974) to suggest that the individual attributed to Abrictosaurus 
(= Lycorhinus) consors was female; however, this absence may 
equally well represent a juvenile condition ora stage in the tooth 
replacement cycle. Vertical tooth wear on the inner premaxillary 
crown surfaces no doubt results from occlusion with the pre- 
dentary rhamphotheca. 

Among heterodontosaurids, the maxillary dentition is well 
known in Abrictosaurus consors, Lycorhinus angustidens, and Hetero- 
dontosaurus tucki (figs. 18.1, 18.2). The crowns are chisel-shaped, 
with denticles restricted to the apical third. The mesial and 
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distal margins of successive crowns are well separated in A. con- 
sors, moderately overlapping in L. angustidens (based only on the 
lower dentition), and in close contact in H. tucki. Tooth replace- 
ment was continuous but slowed down in old age (Hopson 
1980b). Spacing between Zahnreihen varies around 3.0. In L. an- 
gustidens, the teeth within each tooth row are arranged in offset 
triplets that reflect emplacement of teeth of roughly the same 
age. Enamel is continuous on all surfaces of the tooth crowns in 
L. angustidens and A. consors, but the buccal surface of maxillary 
tooth crowns and the lingual surface of dentary tooth crowns 
are more heavily enameled. In contrast, in H. tucki, enamel is re- 
stricted largely to the buccal and lingual surfaces of maxillary 
and dentary crowns, respectively. The maxillary teeth of L. an- 
gustidens (Gow 1990b) have three to seven marginal denticles on 
each mesial or distal edge. The most distal denticle is the largest, 
separated from the remainder of the crown on both the buccal 
and the lingual surfaces by a deep groove, and merges with the 
basal cingulum. There is the slight suggestion of a broad central 
eminence on the buccal surface of the crown, but there are no 
secondary ridges. The crowns of the maxillary dentition in 
A. consors vary from slightly higher than wide to twice as high 
as wide. The apex of the crown is either symmetric or slightly 
displaced distally. Four to seven denticles are situated toward the 
apex of the crown and are supported by weak, more or less ver- 
tical ridges on the buccal surface. The most distal ridge merges 
with the basal cingulum. Ornamentation is not differentiated 
into primary and secondary ridges. In H. tucki, the maxillary 
teeth have high crowns and are more robust than in A. consors. 
A large primary ridge is symmetrically placed on the buccal sur- 
face of the crown. The most mesial and distal ridges are slightly 
less robust than the primary ridge; these outer ridges converge 
at the base of the crown. A single secondary ridge is developed 
mesially and distally midway between the primary ridge and 
the outer ridges. There is no cingulum, so that the crown merges 
gradually with the columnar root. 

Extensive tooth wear is found in all heterodontosaurids. In 
Lycorhinus angustidens, the lingual surface is planed off nearly 
to the roots, thereby truncating virtually all marginal features 
with the exception of the most distal denticle (fig. 18.2C). The 
resulting mesial and distal facets are of slightly different orien- 
tation but create an overall occlusal surface that is highly inclined 
(75°-80° below the horizontal). In Abrictosaurus consors, there is 
a large facet; in Heterodontosaurus tucki, there are two facets set 
off at a slight angle and each is continuous on adjacent teeth. 
The wear facets are much less steeply inclined than in Lycorhinus 
ranging from 30° to 40° below the horizontal. 

Among basal euornithopods (fig. 18.6), the maxillary den- 
tition generally consists of mesiodistally broad shield-shaped 
crowns with denticulate margins and a swollen base that forms 
an incipient cingulum. In Thescelosaurus neglectus, Bugenasaura 
infernalis, Agilisaurus louderbacki, “A.” multidens, Drinker nisti, 
Othnielia rex, and Orodromeus makelai, the crowns are triangular, 
with a centrally placed apex. In contrast, in Zephyrosaurus schaffi, 
Yandusaurus hongheensis, Gasparinisaura cincosaltensis, Atlascopco- 
saurus loadsi, and Hypsilophodon foxii, the crown is distinctly 
asymmetric in buccolingual view, with the apex offset distally. 
Enamel is deposited on both sides of the crown in Leaellynasaura 
amicagraphica, Yandusaurus hongheensis, Parksosaurus warreni, 
Drinker nisti, and “Agilisaurus” multidens, whereas in Thescelo- 
saurus neglectus, Othnielia rex, Hypsilophodon foxii, Gasparinisaura 
cincosaltensis, and Zephyrosaurus schaffi, it is thicker on the buc- 
cal surface. The buccal surface often bears a fanlike array of ribs 
or subvertical ridges in the enamel that terminate in a marginal 
denticle; however, not all marginal denticles are necessarily 
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supported by ridges (viz. Hypsilophodon foxii). The total number 
of marginal denticles varies: Agilisaurus louderbacki, Atlascopco- 
saurus loadsi, Orodromeus makelai (fig. 18.6A-C), and Zephyro- 
saurus schaffi show a total of 10 or 11 denticles along the mesial 
and distal margins; there are 8 or fewer in “Agilisaurus” multi- 
dens, Gasparinisaura cincosaltensis, Bugenasaura infernalis, 
Thescelosaurus neglectus, Yandusaurus hongheensis, Atlascop- 
cosaurus loadsi, and Parksosaurus warreni, and more than 15 in 
Drinker nisti (which also has subsidiary denticles on each denti- 
cle as well asa sharp, denticulate, partial cingulum; fig. 18.6E, F), 
Othnielia rex (fig. 18.6D), and Hypsilophodon foxii (fig. 18.3D, E). 
There is no differentiation of the vertical ridges, except in 
Gasparinisaura cincosaltensis and Atlascopcosaurus loadsi, in which 
the primary ridge reaching the apical denticle is more promi- 
nent than the others. No supporting ridges are found in Oro- 
dromeus makelai, Agilisaurus louderbacki, and “A.” multidens. In 
Othnielia rex, Zephyrosaurus schaffi, Leaellynasaura amicagraph- 
ica, and Thescelosaurus neglectus, ridges extend on to the lingual 
side of the crown. 

Tooth replacement among basal euornithopods is polyphy- 
odont, with two generations of teeth per tooth position. The 
spacing between Zahnreihen ranges from 2.2 to 2.3 in Parksosaurus 
warreni and Hypsilophodon foxii, to 3.0 in Zephyrosaurus schaffi. 

The occlusal surface of functional teeth typically shows 
substantial wear in the form of oblique single or double facets 
depending on the state of wear. In either case, wear facets are 
inclined lingually, shallowly concave (50°-65° from horizontal). 
Together with their partially interlocking arrangement, tooth 
wear across the entire maxillary row produces a continuous if 
uneven cutting edge. 

The dentary dentition of basal ornithopods is similar to that 
of the maxilla, but with some significant differences. In hetero- 
dontosaurids, the first dentary tooth is enlarged to become 
caniniform, is thinly enameled, and fits into the maxillary di- 
astema. In material referred to Abrictosaurus consors (Charig and 
Crompton 1974; Hopson 1975a), only the sharp mesial edge of 
the caniniform tooth crown bears fine serrations, whereas in 
Lycorhinus angustidens and Heterodontosaurus tucki, both the mesial 
and distal margins are serrated. A small diastema separates the 
caniniform tooth from the remaining lower cheek teeth. The 
second tooth is small, conical, and recurved, at least in L. an- 
gustidens and referred material of Abrictosaurus consors. The only 
known material without a caniniform dentary tooth is the type 
specimen of A. consors (Thulborn 1974)—in this instance the 
first dentary tooth is small, broad, and recurved and the mesial 
and distal margins lack denticles. The second and third crowns 
are similar in structure; the third, however, is denticulate along 
its distal edge and transitional in form to those in the remainder 
of the series. 

The more distal tooth crowns in heterodontosaurids are spat- 
ulate and approximately twice as high as wide. In Abrictosaurus 
consors, the middle of both lingual and buccal aspects of the 
crown is enlarged to form a broad central eminence. In Hetero- 
dontosaurus tucki and possibly Lycorhinus angustidens, there is clear 
differentiation of a strong central primary ridge. In all hetero- 
dontosaurids, the apex of the crown tends to be symmetrical, 
supported by a strong primary ridge. Where they are asymmet- 
rical with respect to the lingual surface of the tooth, the apex 
and primary ridge are offset somewhat mesially. The apex is 
surrounded by three to five denticles on each mesial and distal 
margin in A. consors, and these denticles are supported by short 
secondary ridges. In H. tucki and L. angustidens, the number and 
configuration of secondary ridges are often difficult to deter- 
mine owing to the extreme tooth wear, but those that support 


FIGURE 18.6. Basal euornithopod teeth. A-C, Orodromeus makelai 
dentary tooth in A, lingual, B, buccal, C, distal views. D, Othnielia rex 
maxillary tooth, lingual view. E, F, Drinker nisti dentary tooth in E, 
buccal, F, distal views. Scale = 1 mm. (A-C from Galton 1995; D-F from 
Bakker et al. 1990.) 


the most mesial and distal denticles merge with the base of the 
crown. A weakly developed cingulum is found in both A. consors 
and L. angustidens but is absent in H. tucki. Dentary tooth wear 
in heterodontosaurids produces either a single facet confluent 
mesially and distally with adjacent teeth (A. consors) or a bi- 
faceted surface, each facet of which is continuous with a facet on 
neighboring crowns (L. angustidens and H. tucki). The angle of 
these wear facets increases with tooth age, ranging from 45° to 
65° below the horizontal. 

The dentary dentition of basal euornithopods exhibits the 
same patterns of wear and replacement as the maxillary teeth. 
In large part, the morphology of the dentary crowns is also 
similar: buccolingually compressed with denticulate margins. 
In Hypsilophodon foxii, the mesialmost three or four dentary 
teeth are simple and more conical (fig. 18.3). Enamel is found on 
both lingual and buccal sides in “Gongbusaurus” wucaiwanensis, 
Orodromeus makelai, and Parksosaurus warreni, but it is consid- 
erably reduced or absent on the buccal surface in other taxa. In 
all basal euornithopods, the dentary crown is either triangular 
(Agilisaurus louderbacki, “A.” multidens, Orodromeus makelai, Oth- 
nielia rex, Thescelosaurus neglectus, Zephyrosaurus schaffi, “Gong- 
busaurus” wucaiwansensis) or spatulate (Hypsilophodon foxii, At- 
lascopcosaurus loadsi) and symmetrical, with a centrally placed 
apical denticle. Denticles are continuous with ridges on the 


thickly enameled lingual face of the dentary teeth in Atlas- 
copcosaurus loadsi, Zephyrosaurus schaffi, Thescelosaurus neglec- 
tus, and “Agilisaurus” multidens; similar ridges are abbreviated or 
absent in Orodromeus makelai, Othnielia rex, and Drinker nisti. In 
taxa that exhibit lingual ridging, differentiation into primary 
and secondary ridges is known in Hypsilophodon foxii. These 
ridges are contiguous with the marginal denticles, 5 or 6 in 
Gasparinisaura cincosaltensis, 10 or 11 in Othnielia rex, “Agili- 
saurus” multidens, A. louderbacki, Parksosaurus warreni, Drinker 
nisti, Orodromeus makelai, and Thescelosaurus neglectus, and as 
many as 14 in Atlascopcosaurus loadsi. In Hypsilophodon foxii, 
there is a single primary ridge and three secondary ridges, but 
up to 14 marginal denticles (fig. 18.3E). As with the maxillary 
dentition, the marginal denticles are trifid in Drinker nisti. Nu- 
merous vertical ridges are also preserved on the buccal surface of 
unworn teeth in Zephyrosaurus schaffi, Thescelosaurus neglectus, 
Bugenasaura infernalis, Agilisaurus louderbacki, and “A.” multi- 
dens. At its base, a modest cingulum often separates the crown 
from the root. 

The sclerotic ring (known in Abrictosaurus consors, Parkso- 
saurus warreni, Agilisaurus louderbacki, and Hypsilophodon foxii) is 
composed of as many as 15 platelike ossicles that are distributed 
over quadrants of unequal size. The only hyoid elements known 
to date for these same basal ornithopods are rodlike elements 
presumed to be the first ceratobranchials. 


Postcranial Skeleton 


The following discussion of heterodontosaurid postcrania is 
based almost entirely upon the one well-preserved skeleton of 
Heterodontosaurus tucki (fig. 18.7; Santa Luca et al. 1976; Santa 
Luca 1980; see also Bakker and Galton 1974; Norman 1985; 
Bakker 1986). That of basal euornithopods (fig. 18.8) comes prin- 
cipally from Hypsilophodon foxii (Galton 1974a), Othnielia rex 
(Galton and Jensen 1973a), Orodromeus makelai (Scheetz 1999), 
Thescelosaurus neglectus (C. M. Sternberg 1940a; Galton 1974a), 
Parksosaurus warreni (Parks 1926b), Yandusaurus hongheensis 
(He and Cai 1984), “Agilisaurus” multidens (He and Cai 1983, 
1984), A. louderbacki (Peng 1992, 1997), and Gasparinisaura cinco- 
saltensis (Coria and Salgado 1996b; Salgado et al. 1997c). 


AXIAL SKELETON 


Nine vertebrae primitively make up the cervical series in Or- 
nithopoda. Parts of the proatlas are known in Hypsilophodon foxii, 
Agilisaurus louderbacki, “A.” multidens, and Orodromeus makelai. 
As described by Galton (1974a) the proatlas is a curved element 
that links the atlas neural arch to the occiput. The atlas is un- 
fused, comprising an intercentrum, a well-developed pleuro- 
centrum (odontoid process) sutured to the axis, and separate 
neural arches. The prezygapophyses of the axis face laterally to 
receive the atlas. The axis is cylindrical, with a prominent blade- 
like neural spine. The naturally sigmoid curvature of the neck is 
demonstrated by the lateral profiles of the remaining cervical 
centra: parallelogram-like cranially, rectangular in the middle of 
the series, and trapezoidal caudally. The centra are longer in the 
cranial portion of the series, but the height remains constant. 
All centra are spool-shaped with a broad median ventral keel. 
The centra of the third to seventh cervical vertebrae are mildly 
opisthocoelous, whereas those of the eighth and ninth are am- 
phiplatyan. There is a lateral concavity in the centra that be- 
comes deeper caudally, especially just caudoventral to the para- 
pophysis. The parapophyses are situated on or just below the 
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FIGURE 18.7. Skeletal reconstruction of Heterodontosaurus tucki. Scale = 50 cm. (Modified from Paul in Brett-Surman 1997.) 
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FIGURE 18.8. Skeletal reconstruction of Hypsilophodon foxii. Scale = 50 cm. (Copyright G. S. Paul.) 


neurocentral suture. The diapophysis is near the parapophysis 
cranially but migrates caudodorsally later in the series. The neu- 
ral spines form a ridge at the confluence of the postzygapophyses 
for much of the series, but start to develop a slight elevation and 
hooked profile as they approach the dorsal series. The cranial 
cervical zygapophyses behind the axis are nearly horizontal, 
whereas the middle ones are inclined and the caudal ones be- 
come more horizontal again. With the exception of those of 
the atlas and axis, all the cervical ribs are double-headed, with 
the capitulum and tuberculum close together; caudally, they 
become more widely separated and the tubercular process be- 
comes shorter. 

Dorsal vertebrae probably numbered either 15 or 16, de- 
pending on the incorporation of a dorsal into the sacrum. All 
dorsal vertebrae have amphiplatyan centra, the lengths of which 
increase slightly caudally. The centra are spool-shaped and rec- 
tangular in lateral view. The transverse processes are horizontal, 
directed caudolaterally, and are situated at the level of the zyga- 
pophyses. The parapophysis moves on to the transverse process 
near the cranial end of the series. In the middle portion of the 
series, the parapophysis and diapophysis are found on the cra- 
nial and caudal portions of the transverse process, respectively, 
but merge on the transverse process of the last dorsals. The neu- 
ral spines are stout, rectangular, and nearly as long as the centra. 
The cranial dorsal zygapophyses are horizontal and become 
inclined to about 45° caudally. 
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The dorsal ribs, with the exception of the last one or two, are 
double-headed. The capitulum and tuberculum are close to- 
gether and the tuberculum becomes reduced caudally. The first 
six or seven ribs are curved, especially near their proximal ends, 
and have broad and flattened distal shafts. Ribs caudal to the sev- 
enth dorsal vertebra become progressively shorter and straighter. 
In Hypsilophodon foxii, Parksosaurus warreni, Othnielia rex, and 
Thescelosaurus neglectus, the sternal segments of the first six or so 
ribs tend to be at least mineralized if not ossified. 

There are five co-ossified sacral vertebrae in Agilisaurus louder- 
backi and “A.” multidens, whereas Heterodontosaurus tucki, Oro- 
dromeus makelai, Parksosaurus warreni, Thescelosaurus neglectus, 
Othnielia rex, and Gasparinisaura cincosaltensis have six sacrals. 
Galton (1974a) reported dimorphism in the structure of the 
sacrum in Hypsilophodon foxii, in which some specimens have 
five sacral vertebrae, with the centrum of the last dorsal ex- 
panded caudally and forming extensive sutural contacts with 
the first sacral rib. By contrast, other individuals have six sacral 
vertebrae; the first vertebra is a sacral because its ribs are sutured 
to both the centrum and the neural arch and contact the pubic 
peduncles of the ilia. In addition, Thulborn (1974) reported that 
Abrictosaurus consors has four unfused sacrals; this may be evi- 
dence of juvenility, consistent with the absence of caniniform 
teeth in the same individual. 

A reasonably complete caudal series is available from Hetero- 
dontosaurus tucki (34-37 vertebrae), Parksosaurus warreni (42 ver- 


tebrae), Agilisaurus louderbacki (44 vertebrae), and Hypsilophodon 
foxii (45-50 vertebrae). All of the vertebrae are amphicoelous 
and become progressively lower and more slender toward the 
distal end of the tail. The proximal caudal centra are more con- 
cave ventrally because the facets for articulation of the chevrons 
are more pronounced; on the distal caudals, the articulation is 
reduced and the ventral border is flatter. The transverse pro- 
cesses are horizontal, ventral to the neurocentral suture, and di- 
rected laterodistally. The proximal transverse processes are strong, 
but more distal ones are weaker and the distalmost are absent. 
The neural spines are vertical and tall proximally but become 
inclined and shorter distally. Neural spines are absent distal to 
the tenth caudal. The zygapophyses are elevated about 45° prox- 
imally but become more nearly vertical distally. Chevrons are 
found throughout the caudal series. Proximally, they are robust 
and become progressively more slender distally; those from the 
middle of the series are slightly expanded distally. The chevrons 
of Gasparinisaura cincosaltensis differ from other ornithopods in 
being platelike and subtriangular, with an asymmetrical outline. 
In nearly all taxa, ossified tendons are found along the epax- 
ial region of the dorsal, sacral, and caudal portions of the verte- 
bral column. These tendons extend in parallel longitudinal rows 
along the sides of the neural spines. Both epaxial and hypaxial 
regions of the tail are sheathed in a large number of ossified ten- 
dons in Hypsilophodon foxii, Thescelosaurus neglectus, Gasparini- 
saura cincosaltensis, and a variety of other basal euornithopods. 
Small elements of axial dermal armor near the skull have 
been reported in Hypsilophodon (Hulke 1874b; Nopcsa 1905c; 
disputed by Galton 1974a). Dermal ossifications have been illus- 
trated in Bugenasaura (Morris 1976). More extensive body armor 
associated with the ribcage has also been reported in articulated 
skeletal material referred to Thescelosaurus (Fisher et al. 2000). 


APPENDICULAR SKELETON 


In all basal ornithopods, the scapula is the same length as, or 
slightly longer than, the humerus. The scapular shaft is bowed 
along its length to fit around the rib cage; it has a rounded trans- 
verse midsection but expands into a flattened blade distally. In 
Heterodontosaurus tucki, the scapular shaft is narrow and rather 
straplike although it is expanded distally (Santa Luca 1980). In 
basal euornithopod taxa it is wide (especially so in Thescelo- 
saurus neglectus). The convex distal end of the scapular blade is 
pitted, indicating the presence of a cartilaginous suprascapula 
(partially ossified in Parksosaurus warreni). The shaft is slightly 
concave internally to accommodate the rib cage. The ventral end 
is expanded, into a flangelike acromion that projects cranially 
(large in Hypsilophodon foxii, Thescelosaurus neglectus, Orodromeus 
makelai, Othnielia rex, “Agilisaurus” multidens, and A. louderbacki 
and less pronounced in Parksosaurus warreni, Gasparinisaura 
cincosaltensis, and Yandusaurus hongheensis). The glenoid fossa 
of the scapula faces caudolaterally. In Heterodontosaurus the tri- 
ceps tubercle is separated from the dorsal lip of the glenoid. 

The subrectangular coracoid has flat proximal and distal 
ends. Its distal portion curves strongly medially and the sternal 
process is especially prominent in Hypsilophodon foxii, Parkso- 
saurus warreni, Orodromeus makelai, Othnielia rex, and Gasparini- 
saura cincosaltensis. Together with that contributed by the scapula, 
the glenoid fossa of the coracoid faces caudolaterally. In exter- 
nal view, the coracoid foramen is not contiguous with or close 
to the scapulocoracoid suture. There is a tubercle for muscle 
attachment at the ventral corner of the coracoid. 

Santa Luca (1980) reported sternal plates in Heterodonto- 
saurus tucki; however, details of both structure and attachments 


cannot be determined. In Hypsilophodon foxii, Parksosaurus war- 
reni, and probably in Orodromeus makelai and Othnielia rex, the 
flat sternals are reniform in ventral view. The sagittal rim is 
thickened where each element meets its partner. The caudo- 
lateral margin is also thickened where it articulates with the 
sternal segments of the ribs. 

In Heterodontosaurus tucki, Orodromeus makelai, Yandusaurus 
hongheensis, Thescelosaurus neglectus, and Hypsilophodon foxii, 
the humerus is robust, whereas in Notohypsilophodon comodor- 
ensis, Gasparinisaura cincosaltensis, Othnielia rex, “Agilisaurus” 
multidens, and A. louderbacki it is considerably more gracile. 
In all taxa, the shaft is slightly twisted and the proximal end of 
the humerus is broader than the distal end. Adjacent to the 
humeral head is a large medial tuberosity. In Heterodontosaurus 
tucki, Hypsilophodon foxii, Yandusaurus hongheensis, and Orodro- 
meus makelai, the deltopectoral crest is limited to the proximal 
half of the humerus. In all these species except “Agilisaurus” 
multidens, Othnielia rex, and Thescelosaurus neglectus (where it 
is low), the deltopectoral crest is angular and directed cranio- 
laterally, extending for about 40% of the length of the humerus. 
In contrast, the deltopectoral crest of Notohypsilophodon co- 
modorensis, Agilisaurus louderbacki, Gasparinisaura cincosaltensis, 
Bugenasaura sp., and perhaps Parksosaurus warreni is restricted to 
the proximal half of the humerus, is low, and bears a less distinct 
angular margin or none at all. In all of these species, the 
humerus bears well-developed distal condyles; the articular sur- 
faces generally do not extend caudally, and there is no more 
than a modest olecranon fossa in some species. The ulnar condyle 
is rounded and projects distally beyond the radial condyle. In 
Heterodontosaurus tucki, a prominent medial epicondyle projects 
medially from the shaft above the ulnar condyle. The radial 
condyle is less rounded and is inclined somewhat laterally. A 
lateral supracondylar ridge extends proximally from the radial 
condyle in H. tucki. 

In all basal ornithopods, the length of the radius is about 
70% that of the humerus. The radial shaft is somewhat twisted. 
Proximally, the shaft is circular in cross section and becomes 
more triangular or rectangular distally. The humeral articula- 
tion of the radius forms a semicircular sulcus; a process extends 
proximomedially from the caudal surface and contacts the ulna. 
The distal articulation has planar contacts for the ulnare as well 
as the radiale. 

The length of the ulna is about 80% that of the humerus. The 
most striking feature of the ulna in Heterodontosaurus tucki is 
the prominent olecranon that bears rugosities for the insertion 
of M. triceps. By contrast, in Hypsilophodon foxii and Parksosaurus 
warreni, the ulna bears only a moderately developed olecranon 
process, whereas in Notohypsilophodon comodorensis this process 
is small. The olecranon process is notably well developed in 
Heterodontosaurus tucki compared to all other basal ornithopods. 
The humeral articulation is somewhat trochlear. The shaft nar- 
rows in the middle and expands distally. 

The carpus is poorly known among basal ornithopods. That 
of Heterodontosaurus tucki (fig. 18.9A; Santa Luca 1980) com- 
prises nine bones, a proximal row of the radiale, ulnare, and pisi- 
form, a middle row (intermedium, contra Santa Luca 1980), and 
a distal row (distal carpals 1-5). In contrast, the carpus of Hyp- 
silophodon foxii (fig. 18.9A; Galton 1974a) is formed only of the 
ulnare, intermedium, and a single distal carpal, whereas in Oro- 
dromeus makelai, there is an ulnare, intermedium, and one dis- 
tal carpal (Scheetz 1999). Finally, “Agilisaurus” multidens bears an 
ulnare, intermedium, and radiale. The wrist is best documented 
in Heterodontosaurus tucki, in which the radiale forms broad 
contacts with the radius and distal carpal 1 and more restricted 
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FIGURE 18.9. A, Right manus of Heterodontosaurus tucki in dorsal view; B, left manus of Hypsilophodon 
foxii in dorsal view. Scale = 2.5 cm. (A after Santa Luca 1980; B after Galton 1974a.) 


contacts with adjacent carpals. The ulnare bears a concave ar- 
ticulation for the ulna and a planar one for the radius; it articu- 
lates broadly with the centrale and distal carpal 4 and narrowly 
with distal carpal 5 and the pisiform. The intermedium inter- 
venes between proximal and distal carpals. Distal carpals 1-3 are 
large; distal carpals 4 and 5 are abducted. 

In Hypsilophodon foxii, the ulnare articulates proximally with 
the medial margin of the ulna, medially with metacarpal V, and 
distally with metacarpal IV; otherwise its morphology is not 
determinable. The intermedium, a convexoconcave nubbin of 
bone, articulates proximally with the greater part of the distal 
ulna and the medial margin of the distal radius. Smaller cuboid 
and lenticular elements correspond to the distal carpals. The 
condition in Orodromeus makelai and “Agilisaurus” multidens is 
thought to be most similar to that of H. foxii. 

In all basal ornithopods, the manus is small relative to the 
pes. Although Thulborn (1974) described the manus of A. con- 
sors as diminutive, the basis for this is unclear; it is large in the 
related form Heterodontosaurus, longer than the radius or ulna 
and almost as long as the humerus. Metacarpal II is the longest, 
followed by metacarpals III, IV, and V. The carpal articulation of 
metacarpals I and IL is carried onto the dorsal surface, indicating 
that these carpometacarpal joints could have been extended far- 
ther than the others. The dorsal surfaces of the bases of meta- 
carpals I-IV bear strong lateral and medial tubercles for extensor 
tendons. As a result of the tight planar articulations between 
adjacent metacarpals and the carpals, the bases of metacarpals 
II-V are almost cuboid. Metacarpal I is unusual in that it is asym- 
metric, with a longer lateral border. Its metacarpophalangeal 
joint is also asymmetric: the medial condyle is aligned with 
the long axis of the shaft, whereas the lateral condyle is perpen- 
dicular to it. This asymmetry would cause the digit to deviate 


406 DINOSAUR SYSTEMATICS 


medially on extension and laterally on flexion. Metacarpo- 
phalangeal joints II and III are symmetrical and restrict move- 
ment to simple flexion and extension. The cranial surfaces of 
the metacarpal heads of digits I-III bear deep pits that received 
processes from the proximal phalanges; this suggests that digits 
I-III could be hyperextended at the metacarpophalangeal joints. 
Metacarpal IV is reduced distal to its proximal cuboid portion, 
and metacarpal V is even more reduced. 

Among basal euornithopods, in Hypsilophodon foxii, meta- 
carpal V, the smallest, is distinctly set off from the other meta- 
carpals and metacarpals I-IV are closely packed, running parallel 
with each other. In contrast, in Orodromeus makelai and “Agili- 
saurus” multidens, metacarpal V is much less medially angled and 
the remaining metacarpus is less closely packed. In all taxa, meta- 
carpal Ill is the longest, followed by metacarpals II, IV, and I. The 
distal condyles exhibit a modest extensor groove and there is no 
dorsal intercondylar groove. 

The phalangeal formula of the manus of Heterodontosaurus 
tucki is 2-3-4-3-2. Digits IV and V are reduced, whereas digits I-III 
are large (fig. 18.9A) and complex and exhibit elements of asym- 
metry. The first phalanx of digit II and the first and second of 
digit III are characterized by asymmetric distal articulations. 
The shafts are twisted such that the heads are medially rotated. 
Likewise, the lateral margins are longer, imparting a medial 
curve to the shafts. Finally, the medial condyle is larger and ori- 
ented differently than the lateral condyle. These articulations 
would cause lateral deviation during flexion and medial devia- 
tion during extension. The penultimate phalanges of digits I-III 
are symmetrical and permitted simple extension and flexion. 
The unguals of digits I-III formed large claws; the flexor tubercles 
are unusually large for an ornithischian. The phalangeal formula 
of Abrictosaurus consors is reported to be 2-3-4-2-1. Among basal 


FIGURE 18.10. A, Pelvis of Heterodontosaurus tucki in left lateral view; B, pelvis of Hypsilophodon foxii in 
left lateral view. Scale = 5 cm (A), 10 cm (B). (A after Santa Luca 1980; B after Galton 1974a.) 


euornithopods, the phalangeal formula in Hypsilophodon foxii is 
2-3-4-3?-? (fig. 18.9B), in “Agilisaurus” multidens it is 2-3-4-2?-2, 
and in Orodromeus makelai it is ?-3-4-3-?. Unlike the highly mod- 
ified manus of Heterodontosaurus tucki, the metacarpophalangeal 
and interphalangeal articulations are more symmetrical, but 
less well developed. However, the unguals are similarly clawlike. 
In other taxa—Thescelosaurus neglectus and Yandusaurus hongheen- 
sis, among them—the manus is poorly known, while in the re- 
mainder it has yet to be discovered. 

The profile of the ilium is primitively low in Ornithopoda 
(fig. 18.10). In Heterodontosaurus tucki (fig. 18.10A), Othnielia 
rex, Orodromeus makelai, Agilisaurus louderbacki, “A.” multidens, 
Parksosaurus warreni, and Hypsilophodon foxii (fig. 18.10B), the 
dorsal margin is broadly convex, while in Gasparinisaura cinco- 
saltensis and Thescelosaurus neglectus, it is sigmoidal. A supra- 
cetabular process (“antitrochanter”) is developed as a narrow, 
but prominent, vertical flange on the caudal margin of the ace- 
tabulum above the ischial peduncle in Heterodontosaurus tucki 
(fig. 18.10A) and this feature is variably developed in other species 
(e.g., Hypsilophodon has a bulbous lateral expansion above the 
ischial peduncle). The slightly twisted preacetabular process 
curves outward (bearing a longitudinal ridge along its medial 
surface) and is about as long as the postacetabular process. The 
postacetabular is thick and shallow in Heterodontosaurus, but 
in euornithopods the process is laterally compressed and the 
brevis shelf that underlies it is horizontal. This latter shelf is 
shallow in Heterodontosaurus tucki and possibly Parksosaurus 
warreni, but deep in Agilisaurus louderbacki, “A.” multidens, Oro- 
dromeus makelai, Gasparinisaura cincosaltensis, Hypsilophodon 
foxii, Parksosaurus warreni, and Othnielia rex. The pubic pedun- 
cle is slender and projects cranioventrally at an angle of about 
20° to the horizontal; it is especially long in Heterodontosaurus 
tucki and more perpendicular to the long axis of the ilium. The 
ischial peduncle is shorter and more robust than the pubic pe- 
duncle. The supraacetabular rim is modestly well developed. 

In Heterodontosaurus tucki, the pubis has a short prepubic pro- 
cess that is stout, is squared-off cranially, and bears three small 
tubercles (fig. 18.10A). In contrast, that of Hypsilophodon foxii 
(fig. 18.10B) Thescelosaurus neglectus, Othnielia rex, Gasparini- 
saura cincosaltensis, Orodromeus makelai, “Agilisaurus” multidens, 
and A. louderbackiis long, has a flat striated external surface, and 
its ventral edge is grooved. The pubis itself is a simple long rod 
that is usually straight but sometimes slightly dorsally concave 
in all basal ornithopods, except for Parksosaurus warreni in which 
it is short. The obturator foramen is fully enclosed by the pubis 
in H. tucki, G. cincosaltensis, O. makelai, “Agilisaurus” multidens, 


A. louderbacki, and H. foxii, but in O. rex it is open, forming a 
notch. Both conditions are known in T: neglectus. 

The iliac peduncle of the ischium is rather long and rectan- 
gular, whereas the pubic peduncle is broad and spatulate (fig. 
18.10A). The expanded proximal end of the ischium is sepa- 
rated from the large, bladelike distal portion by a constricted 
shaft. The obturator process is either absent or represented by a 
flangelike ledge (fig. 18.10A) in Heterodontosaurus tucki. In con- 
trast, in Parksosaurus warreni (where the ischium is unusually 
short) and Hypsilophodon foxii (fig. 18.10B) it is ventrally situ- 
ated at about midlength on the shaft of the ischium, while in 
Thescelosaurus neglectus, Othnielia rex, “Agilisaurus” multidens, 
A. louderbacki, Gasparinisaura cincosaltensis, and Orodromeus 
makelai, it is positioned on the proximal third of the bone. 

The long bones have gracile proportions, although they are 
much more robust than the forelimb in nearly all basal or- 
nithopods. The femur of all basal ornithopods is straight in cra- 
nial view and only slightly bowed in lateral view. The femoral 
head is oriented at about 90° to the shaft, except in Orodromeus 
makelai and Notohypsilophodon comodorensis, where it makes a 
110° angle. The greater trochanter is not well separated from the 
head and is on about the same level in Heterodontosaurus tucki, 
Leaellynasaura amicagraphica, Agilisaurus louderbacki, “A.” multi- 
dens, Hypsilophodon foxii, and Yandusaurus hongheensis. The cra- 
nial trochanter in H. tucki, Gasparinisaura cincosaltensis, O. make- 
lai, L. amicagraphica, and Parksosaurus warreni is not separated 
from the greater trochanter by a cleft. In contrast, the cranial 
trochanter is separated from the greater trochanter by a shallow 
cleft in Othnielia rex, Y. hongheensis, N. comodorensis, A. louder- 
backi, “A.” multidens, Fulgurotherium australe, and H. foxii. The 
fourth trochanter is pendent and located on the proximal half 
of the femur. In H. tucki there are neither extensor nor flexor 
intercondylar grooves (Santa Luca 1980), but in all basal euor- 
nithopods, the extensor groove is weakly developed and on the 
flexor aspect, the subequal lateral and medial condyles form a 
deep caudal intercondylar groove. The lateral condyle extends 
more distally than the medial condyle, suggesting that the femur 
angled slightly away from the sagittal plane. 

The tibia is longer than the femur by as much as 30%. Proxi- 
mally, it is only moderately expanded. The medial tibial 
condyle is larger than the lateral and is mediolaterally com- 
pressed. The cnemial crest is well developed in Heterodonto- 
saurus tucki, Parksosaurus warreni, and possibly “Gongbusaurus” 
wucaiwanensis, and bears an elongate fossa on its lateral surface, 
while the cnemial crest is somewhat smaller in Notohypsilopho- 
don comodorensis, Thescelosaurus neglectus, Orodromeus makelai, 
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‘Agilisaurus” multidens, and A. louderbacki. In all species, the tib- 
ial shaft is straight and transversely expanded distally. H. tucki 
is unusual in having the distal tibia fused to both the adjacent 
fibula and the proximal tarsals, producing a rather birdlike 
tibiotarsus. In all basal ornithopods, the fibular head is laterally 
compressed and the shaft attenuates distally. 

In Heterodontosaurus tucki, the astragalus and calcaneum are 
fused to each other and the fused distal tibia and fibula (Santa 
Luca 1980), while in all other forms they remain distinct. The 
astragalus caps the distal articular end of the tibia and wraps 
around onto the extensor face of that bone to form a modest as- 
cending process. The blocklike calcaneum caps the distal end 
of the fibula and abuts the lateral aspect of the astragalus. The 
number of distal tarsals is variable among basal ornithopods. 
Four are known in “Gongbusaurus” wucaiwanensis (Dong, 1989). 
The first is ovoid and articulates with metatarsal IJ; distal tarsal 2 
is intermediate between the proximal surfaces of metatarsals II 
and III; distal tarsal 3 (the largest) lies on metatarsal III; and the 
fourth element articulates with metatarsals IV and V. Fewer dis- 
tal tarsals are found in other basal ornithopods. In Heterodonto- 
saurus tucki, three elements are fused with each other and with 
the metatarsals, producing a tarsometatarsus. Distal tarsal 1 is 
applied to metatarsals I and II, and distal tarsals 2 and 3 contact 
metatarsals III and IV, respectively. The caudal surface of distal 
tarsal 1 is expanded into a vertical flange functionally similar to 
the hypotarsal ridges of birds. The cranial surface of distal tarsal 
3 is pierced by a foramen (Santa Luca 1980). In Hypsilophodon 
foxii, Othnielia rex, Agilisaurus louderbacki, “A.” multidens, Parkso- 
saurus warreni, and Orodromeus makelai, there are two ovoid dis- 
tal tarsals, while in Gasparinisaura cincosaltensis (Coria and Sal- 
gado 1996b; Salgado et al. 1997c) this number is further reduced 
to one, although the single element may be formed by the fu- 
sion of two original elements. 

Primitively within Ornithopoda, metatarsal II] is the longest 
(more than half the length of the femur) and most robust; meta- 
tarsal V is a short splint and metatarsal I is about half as long as 
metatarsal II. The phalangeal formula of the pes in all species 
except Gasparinisaura cincosaltensis and Orodromeus makelai is 
2-3-4-5-0; in the former, all of the phalanges are eliminated 
from digit I (Coria and Salgado 1996b). The foot was digitigrade 
(although digit I was too short to reach the ground during nor- 
mal locomotion) and the unguals are narrow and clawlike, yet flat 
ventrally. The hallux in Hypsilophodon foxii was not opposable, 
contrary to earlier assertions (Galton 1971d, 1971e). 


Systematics and Evolution 


Formerly these animals, particularly those referred to as hyp- 
silophodontids (viz. Sues and Norman 1990), were depicted 
as an implicitly paraphyletic assemblage from which all other 
groups of ornithischians evolved (Romer 1966; Galton 1972, 
1974a, 1974b, 1980d). Heterodontosauridae (Kuhn 1966) was 
put forward as a monophyletic group (Galton 1972; Thulborn 
1974). This latter hypothesis together with a basal position among 
ornithopods was supported by later research (Sereno 1986, 
1991b, 1997). In addition, Milner and Norman (1984), Norman 
(1984a, 1984b, 1998), Sereno (1984, 1986, 1997, 1999a ), Cooper 
(1985), and Weishampel and Heinrich (1992) advocated a more 
restricted, monophyletic Hypsilophodontidae. Hypsilophodon- 
tid monophyly has been challenged recently following brief re- 
ports of more comprehensive cladistic analyses (Scheetz 1998, 
1999; Winkler et al. 1998). 
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In order to assess the topology of the evolutionary tree of 
basal ornithopods, a character-taxon matrix was constructed 
and a cladistic analysis was carried out using ten of the better- 
represented species in the group (PAUP*4.0b10, Swofford 1999). 
Based on 54 characters, outgroup comparisons were made using 
Marginocephalia and the theoretical ancestor outgroup. The 
branch-and-bound analysis yielded 28 equally most parsimo- 
nious trees. This analysis was repeated after character reweight- 
ing (using maximum values of the rescaled consistency indexes). 
The second run of the data generated three equally most parsi- 
monious trees, whose topology is represented in fig. 18.11A-C. 
For this tree L= 44.6 steps, CI=0.82, RI=0.83, and RC=0.67. The 
data were further analyzed by restoring the original weightings 
and then removing three of the least stable taxa from the matrix 
and rerunning the analysis using the exhaustive analysis un- 
der both the ACCTRAN and DELTRAN options. Removal of 
Othnielia, Zephyrosaurus and “A.” multidens and running under 
either option resulted in two equally most parsimonious trees 
represented in fig. 18.12A, B. For this tree L= 77 steps, CI=0.68, 
RI=0.60, and RC = 0.41. There is a reasonably robust core topol- 
ogy to these cladograms, and one that confirms the challenge to 
the monophyly of Hypsilophodontidae proposed by Scheetz 
(1998) and Winkler et al. (1998). 

The analysis suggests that Ornithopoda and Euornithopoda 
are robust clades (figs. 18.11, 18.12A), although the reduced-taxon 
analysis (fig. 18.12B) implies ambiguity in placing heterodonto- 
saurids as a sister taxon to marginocephalians. A poorly resolved 
Ornithopoda (sensu Weishampel 1990a) is, at least historically, 
unexpected given its constancy as a hypothesis of relationships 
since at least 1984. However, it also highlights uncertainty con- 
cerning the affinities of Heterodontosauridae, which has led a 
number of workers to suggest that this clade may have other 
affinities. For example, the differing views of Santa Luca (1980), 
Cooper (1985), and Maryanska and Osmolska (1985), and the 
labile position adopted by Norman (1984a) are reflected in the 
patterns seen in some of the trees obtained from our analysis. 
The phylogenetic nexus of basal ornithopods (especially with 
respect to Heterodontosauridae and Marginocephalia) may have 
to be revisited in the near future. 

Heterodontosauridae share several unique features relative 
to euornithopods. The paroccipital process is unusually deep, 
the quadrate is tall (making the occipital profile taller than wide 
and depressing the jaw joint far below the level of the tooth 
row); the caudolateral process of the premaxilla is elongate (con- 
tacting the lacrimal and covering the contact of the nasal and 
maxilla); the cheek teeth are high crowned and, when abraded, 
are chisel-shaped with the denticles on the mesial and distal 
margins being restricted to the apical third of the crowns. The 
monophyly of this taxon is further supported by the caniniform 
tooth in both the premaxilla and dentary and perhaps by the 
low-angle tooth wear on the dentary teeth. Reduction or ab- 
sence of a cingulum between the root and the crown may also 
characterize this node. Postcranially, the humerus is shorter 
than the scapula (a feature shared with Iguanodontia), the ole- 
cranon is prominent (also found in Rhabdodon priscus and Zal- 
moxes robustus), manus digit V is offset (found in Hypsilophodon 
foxii), the ilium has a long preacetabular process, and the distal 
tibia and fibula fuse not only with each other, but with the 
proximal tarsals as well (Santa Luca 1980). 

Within-clade relationships of Heterodontosauridae are un- 
clear. Of the three apparently valid heterodontosaurid taxa 
(Abrictosaurus consors, Heterodontosaurus tucki, Lycorhinus angus- 
tidens, table 18.1), only H. tucki is at all well known. We have 
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FIGURE 18.11. Cladogram of basal Ornithopoda. First run as a branch-and-bound analysis, then using the reweighting to generate trees A, B, and C. 
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FIGURE 18.12. Cladogram of basal Ornithopoda, with the removal of Othnielia, “Agilisaurus” multidens, 


and Zephyrosaurus. Analysis run using Exhaustive search option, which produced two equally most 
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assessed the position of the remaining heterodontosaurids in 
post hoc fashion. Within the clade, Lycorhinus and Heterodonto- 
saurus may be sister taxa based on the shared presence of both 
mesial and distal serrations on the dentary caniniform tooth 
(Charig and Crompton 1974) and the broad contact between 
mesial and distal surfaces of the tooth crowns (may also be seen 
in Pisanosaurus, see chapter 14). Owing to the absence of these 
features, Abrictosaurus consors is excluded from this higher-level 
clade. 

Euornithopoda can be diagnosed on the basis of the follow- 
ing: a scarflike suture between the postorbital and jugal, an 
inflated edge on the orbital margin of the postorbital, a deep 
postacetabular blade to the ilium, a well-developed brevis shelf, 
a laterally swollen ischial peduncle, an elongate and narrow 
prepubic process, a tablike obturator process on the ischial 
shaft, and a deep pit on the femoral shaft adjacent to the fourth 
trochanter. Other, less consistent, features include the angle 
subtended by the floor of the braincase and the ventral edges 
of the occipital condyle and basipterygoid processes, the jugal 
participating in the antorbital fenestra, and the position of the 
paraquadrate foramen. 

Within Euornithopoda, this analysis does not support a 
monophyletic Hypsilophodontidae, which was only ever united 
on a few synapomorphies (Milner and Norman 1984; Sereno 
1986, 1997; Weishampel and Heinrich 1992). Instead, what had 
formerly been at least eight species making up a monophyletic 
Hypsilophodontidae now form a paraphyletic sequence of taxa 
ever-more closely related to Iguanodontia and thereby sup- 
porting the preliminary assertions of Scheetz (1998) and Win- 
kler et al. (1998). The most basal euornithopod recognized in 
this analysis is Agilisaurus louderbacki from the Middle Jurassic 
Lower Shaximiao Formation of Sichuan, People’s Republic of 
China. The next less inclusive clade includes “Agilisaurus” mul- 
tidens (also from the Middle Jurassic of Sichuan Province) as its 
basal member. Initially called Yandusaurus multidens, Peng (1992) 
referred this species to Agilisaurus (as A. multidens), but Barrett 
(pers. comm.) indicated that there are significant differences in 
skull structure between A. louderbacki and A. multidens sufficient 
to merit separate generic status. This coincides with a number of 
anatomical changes, including the following: reduction in the 
size of the external antorbital fenestra, loss of contact between 
the lacrimal and premaxilla, reduction in the length of the pal- 
pebral, development of a distinct cingulum on dentary crowns, 
and an angular deltopectoral crest. Consequently, this taxon is 
henceforth referred to as “A.” multidens. 

Above “A.” multidens resolution at the base of the next clade 
is less clear. Orodromeus makelai from the Late Cretaceous and 
Othnielia rex from the Late Jurassic, both of the western United 
States, represent taxa that are closely related and less derived 
than the two successive taxa, Hypsilophodon foxii from the Early 
Cretaceous of England and Zephyrosaurus schaffi from the 
Early Cretaceous of the western United States. All of these taxa 
share a subcircular external antorbital fenestra, a distal offset to 
the apex of maxillary crowns, a tendency to shift the palpebral 
articulation to the prefrontal bone alone, a strongly constricted 
neck to the scapular blade, ossification of the sternal ribs, hy- 
paxial ossified tendons in the tail, and an obturator process 
that is positioned near the midshaft of the ischium. The se- 
quence of acquisition of characters is complicated by the fact 
that the monographic description of Orodromeus (Scheetz 1999) 
is not published, the partial skeleton of Othnielia (Galton 1983c) 
lacks any skull bones, and Zephyrosaurus (Sues 1980b) is only 
known from a fragmentary skull, whereas Hypsilophodon is one 
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of the most complete and best-described ornithopods known to 
date (Galton 1974a). 

The next most derived clade comprises Gasparinisaura cinco- 
saltensis from the Late Cretaceous of Rio Negro Province, Ar- 
gentina, the more derived Thescelosaurus neglectus from the Late 
Cretaceous of the western United States and western Canada, 
and Parksosaurus warreni from the Late Cretaceous of Alberta, 
Canada. These are distinguished from more basal taxa by the 
restriction of the quadratojugal so that it has migrated away 
from the lower jaw articulation and the sinuous curvature to the 
dorsal margin of the ilium. The positioning of G. cincosaltensis 
differs from that suggested by Coria and Salgado (1996b) and 
Coria (1999), in which it has been identified as an iguanodon- 
tian with a closer relationship to Dryomorpha than to Tenonto- 
saurus. This shift in position is due to a combination of factors, 
notably the loss of amonophyletic Hypsilophodontidae as well 
as the selection and rescoring of characters among a paraphyletic 
sequence of taxa. 

Parksosaurus and Thescelosaurus represent the most derived 
of Euornithopoda considered in this chapter. They show an 
elongate skull form (reflected in a flattening of the frontals to 
form flattened rather than arching plates—provided that the 
reconstruction of Parksosaurus developed by Galton (1973c) is 
confirmed. These forms also show an elevation in the maxillary 
and dentary tooth counts and a considerably more robust 
hindlimb, reflected in the structure of the femur. 

Several poorly known, but probably legitimate, species of 
basal Euornithopoda were not analyzed here. These include 
Bugenasaura infernalis, Atlascopcosaurus loadsi, Drinker nisti, Ful- 
gurotherium australe, Leaellynasaura amicagraphica, Qantassaurus 
intrepidus, and Notohypsilophodon comodorensis. To the extent 
that they provide phylogenetically significant information, we 
have tried to fit them onto the cladogram in a post hoc fashion. 

Bugenasaura infernalis from the Late Cretaceous of South 
Dakota, United States (Galton 1995, 1997b), based on a skull 
originally identified as ?7Thescelosaurus sp. by Morris (1976) and 
by material not yet described (Horner, pers. comm.). On the 
basis of its low, elongate skull and high dental count, B. infernalis 
should be placed in an unresolved relationship with Thescelo- 
saurus and Parksosaurus. 

Atlascopcosaurus loadsi, from the Early Cretaceous of Victoria, 
Australia (Rich and Rich 1989; Rich and Vickers-Rich 1999), isa 
basal euornithopod, perhaps at the level of Gasparinisaura, to 
judge by the presence of a prominent primary ridge on the buc- 
cal and lingual surfaces of maxillary and dentary teeth, respec- 
tively; the well-developed subsidiary ridges that also traverse the 
crown surfaces; the apparently low tooth count; and the gracile 
form of associated femora. 

Little can be said about the relationships of Drinker nisti, Ful- 
gurotherium australe, and Leaellynasaura amicagraphica with other 
basal euornithopods. While D. nisti, from the Late Jurassic of 
Wyoming, United States, can be diagnosed (Bakker et al. 1990), 
published information on the teeth and a few postcranial ele- 
ments do not provide any character information that would give 
it anything other than an unresolved relationship near the base 
of Euornithopoda. 

Fulgurotherium australe, from the Early Cretaceous of Aus- 
tralia (New South Wales, Victoria), similarly is difficult to place 
among basal euornithopods. Originally known from a femur 
thought to belong a small theropod dinosaur (Huene 1932) but 
now including additional femora (Molnar and Galton 1986; Rich 
and Rich 1989; Rich and Vickers-Rich 1999), this species at best 
has an unresolved position at the base of Euornithopoda, al- 


though no synapomorphies at this level are recognized in exist- 
ing material. It can also be excluded from Iguanodontia because 
there is no extensor groove on the femur and the medial condyle 
does not overlap the distal flexor fossa. 

Like the other Australian taxa, Leaellynasaura amicagraphica, 
from the Early Cretaceous of Victoria, may be diagnostic (Rich 
and Vickers-Rich 1999), but lacks characters that would fit it 
into the cladogram. Those that have been discussed (among 
them, low tooth count, emarginated maxillary dentition, ex- 
pansion of the greater trochanter) are plesiomorphic for Or- 
nithopoda. Qantassaurus intrepidus (Rich and Vickers-Rich 1999) 
is known from short and robust dentaries with teeth of variable 
character (some of which bear a prominent primary ridge, as 
well as a fan-shaped array of subsidiary ridges). This taxon is 
currently too poorly known to allow specific placement in this 
systematic context, but bears a superficial similarity to material 
referred to Zalmoxes robustus (see chapter 19). 

Finally, Notohypsilophodon comodorensis from the Late Creta- 
ceous of Chubut Province, Argentina (Martinez 1998), may bea 
basal euornithopod. Unfortunately it consists of a fragmentary 
postcranial skeleton that lacks the appropriate features that 
would commit it to a specific level within the clade. 


Biogeography 


Skeletal remains referable to basal Ornithopoda are currently 
known from the Early Jurassic to the Late Cretaceous through- 
out Laurasia and Gondwana. Among them, heterodontosaurids 
are known best from the Early Jurassic of southern Africa, al- 
though they are also reported from the southwestern United 
States and possibly from the Early Cretaceous of England (Nor- 
man and Barrett 2003). Noniguanodontian euornithopods, by 
contrast, are known from the Middle Jurassic to the end of the 
Cretaceous of North America, Europe, Asia, South America, 
Antarctica (Hooker et al. 1991), and Australia. 

Looked at in detail from a phylogenetic perspective (opti- 
mization of geographic distributional data onto the cladogram 
and calibrating for ghost lineages), the common ancestor of the 
entire ornithopod clade (including Heterodontosauridae) had an 
Asian distribution, particularly as Marginocephalia and Thyreo- 
phora also had an Asian origin. This common ancestor must 
have had an Early Jurassic or older age (the age of Heterodonto- 
saurus). Heterodontosauridae, one of the basal lineages, there- 
after dispersed to southern Africa. Euornithopoda, the immedi- 
ate result of the other basal split, also has an origin in Asia prior 
to the Middle Jurassic (the age of material attributed to Yandu- 
saurus hongheensis). A major dispersal to North America took 
place prior to the latter part of the Jurassic (the age of Othnielia 
rex). There were two subsequent dispersal events from North 
America. One was to Europe, consisting of the lineage leading 
to Hypsilophodon foxii, which took place sometime during or 
prior to the Early Cretaceous, while the other, comprising the 
lineage leading to Gasparinisaura, was to South America and 
probably took place (at the latest) during the early Late Creta- 
ceous. Whether another dispersal event to South America is 
needed to account for the evolution of Notohypsilophodon, or 
whether it evolved in the context of the dispersal leading to 
Gasparinisaura, is not yet known. 

Undoubtedly this biogeographic pattern, and its allied strati- 
graphic calibration, is heavily dependent upon extensive ghost 
lineage durations during critical parts of the Jurassic. This geo- 
graphic interpretation may be subject to revision if the pattern 


of basal relationships between the Ornithopoda and Margin- 
ocephalia, as constructed, undergoes some alteration in future 
analyses. Discovery of new material of all of these taxa or of new 
ones will also produce concomitant refinements to the overall 
topology of current cladograms and is also likely to have a ma- 
terial impact on such biogeographic hypotheses. 


Paleoecology and Behavior 


Because the geographic and temporal distribution of the best- 
known heterodontosaurids is limited, it is relatively easy (per- 
haps deceptively so) to characterize the paleoecology of the 
group. The semiarid depositional environment of the Storm- 
berg Series (Upper Elliot and Clarens formations) of southern 
Africa has yielded the best-known material referable to hetero- 
dontosaurids. These sedimentary rocks represent mixed flood 
fan and eolian dune facies (Kitching and Raath 1984; Smith 
1990; Visser 1991). The siltstones and mudstones are well oxi- 
dized, so little organic matter is preserved. Flood-deposited sand- 
stones interspersed with eolian deposits indicate that water was 
abundantly available only sporadically. Consequently, preser- 
vation of heterodontosaurid skeletal remains is rather poor. Iso- 
lated bones are most common, although at least one fully artic- 
ulated skeleton is known. In addition, most species are not 
known from more than three individuals, and the majority is 
based on single specimens. Of these, jaw elements are the most 
common. 

Altogether, the Upper Elliot and Clarens paleoenvironments 
were extremely inhospitable. It is perhaps surprising then that 
the associated terrestrial vertebrate assemblage is extremely 
diverse and often rich, including early mammals, derived 
nonmammalian cynodonts, and the exceptionally abundant 
prosauropod Massospondylus, as well as terrestrial crocodylo- 
morphs. No fully aquatic members of the fauna are known. It 
is tempting to think that at least some of these remains were 
transported into the catchment area by floods from more benign 
and luxuriant environments, but no evidence to date, either 
taphonomic or sedimentological, supports such a contention. 

Paleoecological inferences for basal euornithopods are much 
more difficult to obtain, owing to their ubiquitous occurrence in 
Jurassic and Cretaceous terrestrial communities. All are known 
from terrestrial depositional settings, ranging from the delta- 
plain channels of the Horseshoe Canyon Formation of Alberta, 
to the broad meandering rivers of the Morrison and Cloverly 
formations of the Western Interior of the United States, to the 
upland meandering streams of the Two Medicine Formation of 
Montana (Dodson 1971; Dodson et al. 1980a, 1980b; Eberth 
1987). Often found in association with diverse terrestrial, semi- 
aquatic, and aquatic faunal elements, these basal euornitho- 
pods also lived in a variety of climatic conditions, from well- 
watered semitropical to seasonally semiaridity (Allen 1998). No 
obvious underlying environmental restrictions or preferences 
are associated with these dinosaurs, or at least not with their 
depositional environments. 

In terms of feeding, all basal ornithopods were probably ac- 
tive herbivores, mainly foraging on ground cover and shrubby 
vegetation. Browsing was concentrated within the first meter or 
two above the ground. In all cases, the absence of teeth along 
the rostralmost part of the premaxilla, the development of a ker- 
atinous beak (rhamphotheca), and a narrow oral margin suggest 
selective cropping (Norman and Weishampel 1991). Wear on 
the premaxillary teeth, produced by occlusion with the outer 
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margins of the predentary, indicates not only piercing pre- 
hension of food but also some degree of shearing. Studies of 
mastication in heterodontosaurids by Weishampel (1984c) and 
Crompton and Attridge (1986) indicate that, like all other or- 
nithischians, these animals chewed bilaterally. To combine this 
isognathic condition with a low-angle transverse power stroke 
(as indicated by dentary tooth morphology) all heterodonto- 
saurids combined vertical mandibular movement with a slight 
degree of medial rotation or deflection of the mandible about 
their long axes (Weishampel 1984c; Crompton and Attridge 
1986). The rotational mobility is facilitated by the restructuring 
of the symphysis and dentary-predentary contact into a sphe- 
roid articulation (Weishampel 1984c). Otherwise, the skull was 
exceptionally rigid to resist deformation during chewing. 

Euornithopods also chewed using transverse jaw motion, 
but in a decidedly different manner. In order to achieve this 
transverse power stroke for effective oral processing of plant 
food, the skull was modified by a distinctive pattern of intra- 
cranial mobility (Norman 1984b; Weishampel 1984c; Norman 
and Weishampel 1985). Pleurokinesis (Norman 1984b) involved 
rotation of a functional unit comprising the maxilla, jugal, 
lacrimal, palatine, pterygoid, and ectopterygoid relative to the 
muzzle and skull roof by means ofa diagonal hinge between the 
premaxilla and maxilla. When the upper and lower teeth were 
brought bilaterally into occlusion, opposing surfaces sheared 
obliquely past one another, and, as a consequence, the maxil- 
lae rotated laterally and the dentaries medially. Pleurokinesis 
reduced cranial induced torsional stresses generated during bi- 
lateral occlusion in the absence of an ossified secondary palate. 
At the same time, it permitted transverse excursion of the upper 
teeth relative to the lower within a primitively isognathous 
masticatory apparatus. Resistance to maxillary movement, nec- 
essary for shearing between occluding teeth, was presumably 
provided by the constrictor dorsalis musculature (or a ligamen- 
tous remnant thereof) connecting the palate (and hence the 
upper jaw) and braincase (Norman 1984b). In this way effective 
shearing of the food between the teeth could be achieved. As in 
the case of heterodontosaurids, the narrow rostral end of the 
snout in these ornithopods suggests that selective cropping of 
the plant parts was possible (Norman and Weishampel 1991), in 
contrast to the condition seen in more derived iguanodontians, 
which are characterized by a transversely rostrum. 

Among these taxa, Hypsilophodon was long regarded as a 
rock-hopping or arboreal dinosaur (Hulke 1882b; Abel 1912), but 
this was subsequently modified. Heilmann (1927) demonstrated 
that the arboreality was secondary (as in flightless birds) and 
that this animal was originally a ground dweller. Galton (1971d, 
1971e, 1974a) reviewed this topic and demonstrated that Hypsilo- 
phodon lacked the structural adaptations—in particular, the 
opposability of the hallux—necessary for arboreality. Rather, on 
the basis of limb and trunk proportions and the general gracile 
nature of their skeletons, ornithopods have been interpreted as 
agile, cursorial bipeds (Galton 1971d, 1971e; Thulborn 1972). 


412 DINOSAUR SYSTEMATICS 


A quadrupedal stance was probably used during foraging or 
when standing still. The femur was held in a slightly abducted 
position to facilitate a parasagittal gait and horizontal knee 
joints. Lever-arm mechanics suggest that femoral retraction was 
powerful (Galton 1969). The noncervical portion of the verte- 
bral column was arched horizontally. 

In Heterodontosaurus and Hypsilophodon, the cranial series 
of dorsal vertebrae turn downward (Galton 1974a; Santa Luca 
1980), whereas the cervical vertebrae are dorsiflexed. Ossified 
epaxial tendons over the dorsals strengthened this portion of 
the vertebral column, but their apparent absence over the cau- 
dal series in Heterodontosaurus left the tail to move about more 
or less freely. The hindlimbs were highly adapted for rapid pro- 
gression, displaying greatly elongate distal limb segments and 
fusion of elements within segments. 

The forelimbs of Heterodontosaurus are also specialized, but 
their purported function is controversial. On the basis of the large 
medial epicondyle, large olecranon, and ungual flexor tubercles, 
Santa Luca (1980) suggested that forelimb function encompassed 
powerful extension and antebrachial and manual flexion. He 
further regarded quadrupedal locomotion as important only at 
slow speeds. In contrast, Paul (1987b) considered Heterodonto- 
saurus to be a quadrupedal galloper. Although Paul (1987b) did 
not cite any features in support of this view, the same attributes 
noted by Santa Luca are equally applicable in quadrupedal ani- 
mals; to this list can also be added the modified wrist and hand 
joints that suggest hyperextension of the carpometacarpal and 
metacarpophalangeal joints. However, neither of these ideas 
about forelimb function take into account the structure of the 
claws and the relations of the scapula, coracoid, and sternum 
to limit scapular rotation, both of which argue against rapid 
quadrupedal locomotion. We suggest, alternatively, that all of 
these forelimb features are consistent with a digging and tearing 
habit in the manner of mammals such as pangolins, aardvarks, 
and certain edentates. Heterodontosaurus may have used its large 
claws and powerful forelimbs for digging up roots and tubers. 

Thulborn (1978) presented evidence that heterodontosaurids 
may have aestivated during times of environmental stress, based 
on the purported lack of tooth replacement and propalinal jaw 
action in these animals. In his rejoinder to Thulborn, Hopson 
(1980b) noted that heterodontosaurids had a transverse power 
stroke and that tooth replacement in these animals was reduced, 
but not lost. Thus, there is no compelling reason to believe that 
heterodontosaurids engaged in aestivation. 

The caniniform teeth in heterodontosaurids may have been 
employed for intraspecific display and combat (Steel 1969; Thul- 
born 1974). Since caniniform teeth are thought to be present 
only in mature males (Thulborn 1974), they would likely have 
been used not only for gender recognition but also for intra- 
specific combat, ritualized display, social ranking, and possibly 
courtship (much as in extant suids and tragulids, Molnar 1977). 
Similarly, the development of the jugal boss (also in Orodromeus 
makelai and Zephyrosaurus schaffi) may be similarly interpreted. 
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Basal Iguanodontia 


DAVID B. NORMAN 


Iguanodon-like ornithopod dinosaurs have been known since 
the early years of the nineteenth century, following the discov- 
ery of Iguanodon (Mantell 1825; see table 19.1). Iguanodon was 
in fact one of the founding members of Dinosauria (Owen 
1842b). Additional taxa have been described since that time, 
notably Camptosaurus (Marsh 1879c; Hulke 1880b), Zalmoxes 
robustus (Nopcsa 1902; Weishampel et al. 2003), Dryosaurus 
(Gilmore 1925b; Janensch 1955), Probactrosaurus (Rozhdest- 
vensky 1966; Lui 1997), Tenontosaurus (Ostrom 1970a; Forster 
1990), Ouranosaurus (Taquet 1975, 1976), and Muttaburrasaurus 
(Bartholomai and Molnar 1981). More recently there has been 
a considerable increase in the number of taxa referred to this 
group: Gasparinisaura (Coria and Salgado 1996b), Altirhinus 
(Norman 1998), Protohadros (Head 1998), Eolambia (Kirkland 
1998b), Lurdusaurus (Taquet and Russell 1999), Nanyangosaurus 
(Xu et al. 2000b), Jinzhousaurus (Wang and Xu 2001a, 2000b), 
Planicoxa (DiCroce and Carpenter 2001), and Draconyx (Mateus 
and Antunes 2001), among others, have been added to the list. 
We have a good understanding of these animals, particularly in 
the light of the monographic descriptions provided by Gilmore 
(1909) for Camptosaurus, by Janensch (1955) for Dryosaurus (see 
also Galton 1977b, 1981b, 1983c), by Taquet (1976) for Ourano- 
saurus, by Norman (1980, 1986) for Iguanodon, and by Forster 
(1990a) for Tenontosaurus. 

Basal iguanodontians are variable, ranging from small (2-3 m 
long), lightly built, and by implication active bipeds, represented 
by Dryosaurus, to large and robust (10-11 m long) facultative 
quadrupeds such as [guanodon bernissartensis, with an estimated 
body mass in excess of 2,500 kg. Other researchers, notably 
Alexander (1989), have estimated masses as high as 5,000 kg— 
such large body masses may be applicable to the extremely ro- 
bust forms such as Lurdusaurus. Basal iguanodontians are widely 
dispersed geographically and temporally, ranging across both 
the Northern and Southern hemispheres and found in rocks 
ranging in age from the Late Jurassic to latest Cretaceous. 


Definition and Diagnosis 


Iguanodontia is a stem-based taxon defined as all euornitho- 
pods closer to Edmontosaurus than to Thescelosaurus. It is diag- 
nosed by the following features: a premaxilla with a transversely 


expanded and edentulous margin; a predentary with a smoothly 
convex rostral margin when viewed in dorsal aspect; a deep den- 
tary ramus with parallel dorsal and ventral borders; no evidence 
of sternal rib ossification; one phalanx lost on manus digit II; 
a prepubic process that is compressed and blade-shaped. 


Anatomy 


Skull and Mandible 


The skull in most basal iguanodontians (figs. 19.1-19.3) is 
long, laterally compressed, and moderately deep, with a well- 
proportioned oval supratemporal fenestrae, a prominent, gen- 
erally circular, orbit (lacking evidence of sclerotic plates), anda 
large external naris; the lower border of the latter is everted to 
a varying degree, forming a rim for the broad, toothless, up- 
per beak (rhamphotheca). The exceptions to this general rule 
are to be found in Dryosaurus (Janensch 1955; Galton 1981b, 
1983c) and Zalmoxes robustus (Nopcsa 1902, 1904, 1915, 1928b; 
Weishampel et al. 2003) in which the skull is proportionally 
shorter and more compact. The palpebral is generally slender 
and elongate, often extending chordlike across the orbit. In 
Dryosaurus altus (Galton 1983c) the palpebral crosses the orbit 
and contacts the postorbital, thereby enclosing a slitlike supra- 
orbital fenestra. In forms such as Tenontosaurus this bone has 
been described as fingerlike (Winkler et al. 1997b) and articu- 
lated with the prefrontal; this genus is also unusual in exhibit- 
ing an orbit that has a roughly rectangular shape—a feature that 
may also be shared by Zalmoxes (fig. 19.1). Some taxa display 
an arched palpebral that follows the rostrodorsal margin of the 
orbit, rather than traversing the orbit itself (fig. 19.2, Iguanodon), 
whereas in more derived taxa such as Protohadros, Eolambia, 
and Probactrosaurus, the presence of a palpebral cannot be con- 
firmed at this time. Tenontosaurus (fig. 19.1) has a dorsally ex- 
panded maxilla that forms much of the lateral wall of the snout 
region, whereas in the majority of iguanodontians the maxilla 
has a lower and more clearly triangular lateral exposure (figs. 
19.1-19.3). The external antorbital fenestra and its associated 
fossa are variable in shape, forming an essentially subcircular 
external opening in Tenontosaurus (Winkler et al. 1997b, although 
this was described as slitlike by Ostrom [1970a] for T: tilletti) and 
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TABLE 19.1 


Basal Iguanodontia 


Occurrence Age Material 
Ornithopoda Marsh, 1881b 
Iguanodontia Sereno, 1986 
Tenontosaurus Ostrom, 1970a 
T. tilletti Ostrom, 1970a Cloverly Formation late Aptian- Approximately 27 skeletons, 
(Montana), Cloverly middle cranial and postcranial 
Formation (Wyoming), Albian elements, teeth 
Paluxy Formation (Texas), 
United States 
T. dossi Winkler, Murry, et Jacobs, 1997b Twin Mountains Formation Aptian Skull and postcranial skeleton, 
(Texas), United States several individuals 
Rhabdodon Matheron, 1869 (?= Mochlodon 

Seeley, 1881) 

R. priscus Matheron, 1869 (including Marnes Rouges Inférieures ?late Fragmentary skull and 
Oligosaurus adelus Seeley, 1881; Ornithomerus Formation, Grés de Saint- Santonian- postcranial material, teeth, 
gracilis Seeley 1881, ?including Mochlodon Chinian Formation (Aude), Maastrichtian juvenile to adult 
suessi [Bunzel, 1871]; [guanodon suessi unnamed unit (Hérault), 

Bunzel, 1871) Grés a Reptiles Formation 
(Bouches-du-Rh6ne), Grés 
a Reptiles Formation (Var), 
Grés de Labarre Formation 
(Ariége), France; unnamed 
unit (Gard), Arén 
Formation, Lower Tremp 
Formation (Lleida), Spain; 
Gosau Formation 
(Niederostereich), Austria; 
?Csehbany Formation 
(Veszprém), Hungary 

R. septimanicus Buffetaut et Le Loeuff, Grés de Saint Chinian Campanian- Dentary 
1991b Formation (Hérault), Maastrichtian 

France 
Zalmoxes Weishampel, Jianu, Csiki, et 

Norman, 2003 

Z. robustus (Nopcsa, 1900) Sanpetru Formation, late Disarticulated skull and 
(= Mochlodon robustus Nopcsa, Densus-Ciula Formation Maastrichtian postcranial material, teeth, 
1900; Onychosaurus (Hunedoara), Romania juvenile to adult 
hungaricus Nopcsa, 1902; 

Camptosaurus inkeyi Nopcsa, 

1900) 

Z. shqiperorum Weishampel, Jianu, Csiki, Sanpetru Formation, late Disarticulated skull and teeth, 
et Norman, 2003 Densus-Ciula Formation Maastrichtian juvenile to adult 

(Hunedoara), unnamed 
unit (Alba), Romania 
Dryomorpha Sereno, 1986 
Dryosauridae Milner et Norman, 1984 
Dryosaurus Marsh, 1894 (= Dysalotosaurus 

Virchow, 1919) 

D. altus (Marsh, 1878b) (= Laosaurus altus Morrison Formation Kimmeridgian- Nearly complete skeleton, 
Marsh, 1878b) (Colorado), Morrison Tithonian approximately 7 partial 

Formation (Wyoming), skeletons, postcranial 
Morrison Formation elements, teeth 
(Utah), United States 

D. lettowvorbecki (Virchow, 1919) Tendaguru Formation Kimmeridgian Large number of mostly 
(= Dysalotosaurus lettowvorbecki Virchow, (Mtwara), Tanzania disassociated cranial and 
1919) postcranial elements 

Planicoxa DiCroce et Carpenter, 2001 
P. venenica DiCroce et Carpenter, 2001 Lower Cedar Mountain Berriasian- Associated postcranium 
Formation (Utah), United Hauterivian 


States 


TABLE 19.1 (CONTINUED) 


Occurrence Age Material 
Valdosaurus Galton, 1977b 

V. canaliculatus (Galton, 1975) Wessex Formation (Isle of Berriasian- Femora, other postcranial 
(= Dryosaurus canaliculatus Galton, 1975, Wight), Hastings Beds Barremian elements, dentary, teeth 
including Camptosaurus valdensis Lydekker, (West Sussex), England; 
1889f) Bauxite of Cornet (Bihor), 

Romania 
V. nigeriensis Galton et Taquet, 1982 Elrhaz Formation (Agadez), late Aptian Femora 
Niger 
Ankylopollexia Sereno, 1986 
Camptosaurus Marsh, 1885 (= Brachyrophus 

Cope, 1878g; Cumnoria Seeley, 1888; 

Symphyrophus Cope, 1878g) 

C. dispar (Marsh, 1879) (= Camptonotus Morrison Formation Kimmeridgian- = 25-30 disarticulated skull 
dispar Marsh, 1879c, including Brachyrophus (Wyoming), Morrison Tithonian elements, some with 
altarkansanus Cope, 1878; Symphyrophus Formation (Utah), associated postcrania, 
musculosus Cope, 1878g; Camptosaurus Morrison Formation approximately 10 partial, 
medius Marsh, 1894; C. nanus Marsh, 1894; (Colorado), Morrison articulated skeletons, 

C. browni Gilmore, 1909) Formation (Oklahoma), juvenile to adult 
United States 

C. amplus (Marsh, 1879c) (= Camptonotus Morrison Formation Kimmeridgian- _— Pes 
amplus Marsh, 1879c) (Wyoming), United States Tithonian 

C. prestwichii (Hulke, 1880b) (= Iguanodon Kimmeridge Clay Kimmeridgian Fragmentary skull and skeleton 
prestwichii Hulke, 1880b) (Oxfordshire), England 

C. hoggi (Owen, 1874) (= Iguanodon hoggi Middle Purbeck Beds Tithonian, Mandible, vertebrae, isolated 
Owen, 1874) (Dorset), Speeton Clay Berriasian limb elements 

(North Yorkshire), England 
?C. depressus Gilmore, 1909 ?Morrison Formation Kimmeridgian- _ [lia and vertebrae 
(Wyoming), Lakota Tithonian; 
Formation (South Dakota), Barremian 
United States 
Draconyx Mateus et Antunes, 2001 
D. loureiroi Mateus et Antunes, 2001 Unidade Bombarral Tithonian Teeth, vertebrae, fore- and 


Iguanodontoidea Sereno, 1986 
Altirhinus Norman, 1998 
A. kurzanovi Norman, 1998 


Craspedodon Dollo, 1883c 
C. lonzeensis Dollo, 1883c 


Eolambia Kirkland, 1998b 
E. caroljonesa Kirkland, 1998b 


Equijubus You, Luo, Shibin, Witmer, Tang, et 
Tang, 2003b 
E. normani You, Luo, Shibin, Witmer, Tang, 
et Tang, 2003b 
Fukuisaurus Kobayashi et Azuma, 2003 
F. tetoriensius Kobayashi et Azuma, 2003 


Iguanodon Mantell, 1825 (= Iguanosaurus 
Ritgen, 1828; Heterosaurus Cornuel, 1850) 
I. anglicus Holl, 1829 (including Cetiosaurus 
brevis Owen, 1842b; Streptospondylus major 
Owen, 1842b) 


(Lisboa), Portugal 


Huhteeg Svita (Dornogov’), 
Mongolia 


Glauconie argileuse 
(Namur), Belgium 


Upper Cedar Mountain 
Formation (Utah), United 
States 


Xinminbao Group (Gansu), 
People’s Republic of China 
Kitadani Formation (Fukui) 


Japan 


Hastings Beds (West Sussex), 
England 


Aptian-Albian 


Santonian 


early 
Cenomanian 


Barremian- 
Albian 


Aptian-Albian 


Valanginian- 
Barremian 


hindlimbs 


Complete skull, partial skull, 
associated postcrania, 
several individuals 


3 teeth 


Skull and postcranial elements 
several individuals juvenile 
to adult 


Skull and partial postcranial 
skeleton 


Skull 


Teeth and postcranial 
fragments 


(continued) 


TABLE I9.I (CONTINUED) 


Occurrence Age Material 
I. atherfieldensis Hooley, 1924 (including Wessex Formation, Vectis Valanginian- 3 complete skulls and 
I. mantelli Meyer, 1832; Heterosaurus Formation (Isle of Wight), Aptian skeletons, partial skulls, 
neocomiensis Cornuel, 1850 partim; Hastings Beds, Weald Clay isolated teeth, and 
Vectisaurus valdensis Hulke, 1879c; (West Sussex), Weald Clay postcranial remains, 
Sphenospondylus gracilis Lydekker, 1888a) (East Sussex), Weald Clay juvenile to adult 


(Surrey) Lower Greensand 
(Kent), England; Wealden 
(Hainaut), Belgium; 
Calcaire a spatangue 
Formation, Argiles a 
plicatules Formation 
(Haute Marne), France 
Camarillas Formation, 
Castellar Formation, 
unnamed unit (La Rioja), 
Urbion Group (Burgos), 
Spain; Wealden 
(Nordrhein-Westphalen), 


Germany 
Lbernissartensis Boulenger, 1881 Wessex Formation (Isle of Valanginian- At least 26 associated skeletons 
(including I. seelyi Hulke, 1882b) Wight), Hastings Beds, Albian and skulls, additional partial 
Weald Clay (West Sussex), skeletal remains, teeth 
Weald Clay (Surrey), Potton 
Sands (Bedfordshire), 


England; Wealden 
(Hainaut), Belgium; Argiles 
a plicatules Formation, 
Grés et sables piquetés 
(Haute Marne), Argiles 
ostréenne, Grés et sables 
Piquetés (Meuse), France; 
Camarillas Formation (La 
Rioja), unnamed unit 
(Cuenca), Arcillas de 
Morella Formation 
(Castellon), Spain; Wealden 
(Nordrhein-Westphalen), 
Germany; Hiihteeg Svita 
(Ovérkhangai), Mongolia 


I. dawsoni Lydekker, 1888a Hastings Beds (East Sussex),  Valanginian- 2 partial skeletons 
England Barremian 
I. fittoni Lydekker, 1889e (including Hastings Beds (East Sussex), | Valanginian- 3 partial skulls and jaws 
I. hollingtoniensis Lydekker, 1889e) England; Tera-Beds Barremian 
(Burgos), Spain 
I. lakotaensis Weishampel et Bjork, 1989 Lakota Formation (South Barremian Skull, mandible, vertebrae 


Dakota), United States 
Jinzhousaurus Wang et Xu, 2001a 
J. yangi Wang et Xu, 2001a Yixian Formation (Liaoning), Barremian Nearly complete skull and 
People’s Republic of China skeleton 
Lurdusaurus Taquet et Russell, 1999 
(= Gravisaurus Chabli, 1988) 


L. arenatus Taquet et Russell, 1999 Elrhaz Formation (Agadez), late Aptian Partial skull, fragmentary 
(= Gravisaurus tenerensis Chabli, 1988) Niger postcranial skeleton 
Muttaburrasaurus Bartholomai et Molnar, 
1981 
M. langdoni Bartholomai et Molnar, 1981 Mackunda Formation Albian Skull and postcrania, 
(Queensland), Australia fragmentary skeleton 
Nanyangosaurus Xu, Zhao, Li, Huang, Li, et 
Dong, 2000 
N. zhugeii Xu, Zhao, Li, Huang, Li, et Dong, Sangping Formation ?Albian Partial postcranial skeleton 
2000 (Henan), People’s Republic 


of China 


TABLE I9.I (CONTINUED) 


Occurrence Age 


Material 


Ouranosaurus Taquet, 1976 


O. nigeriensis Taquet, 1976 Elrhaz Formation (Agadez), late Aptian Skull and postcrania, second 
Niger skeleton 
Probactrosaurus Rozhdestvensky, 1966 
P. gobiensis Rozhdestvensky, 1966 Dashuigou Formation (Nei Albian Skull and skeleton 
Mongol Zizhiqu), People’s 
Republic of China 
P. alashanicus Rozhdestvensky, 1966 Dashuigou Formation (Nei Albian Fragmentary skull 
Mongol Zizhiqu), People’s 
Republic of China 
?P. mazongshanensis Li, 1997 Xinminbao Group (Gansu), Barremian- Partial skull and postcranial 
People’s Republic of China Albian skeleton 
Protohadros Head, 1998 
P. byrdi Head, 1998 Woodbine Formation middle Partial skull, teeth, partial 
(Texas), United States Cenomanian postcranium 
Shuangmiaosaurus You, Ji, Li, et Li, 2003a 
S. gilmorei You, Ji, Li, et Li, 2003a Sunjiawan Formation Cenomanian- Partial skull 
(Liaoning), People’s Turonian 
Republic of China 
Nomina dubia Material 


Acanthopholis macrocercus Seeley, 1869 partim 
Acanthopholis stereocercus Seeley, 1869 partim 
Albisaurus scutifer Fritsch, 1905 
Anoplosaurus major Seeley, 1879 
Camptosaurus leedsi Lydekker, 1889f 

(type of Callovosaurus Galton, 1980d) 
Iguanodon exogirarus Fritsch, 1878 


Vertebrae, fragmentary skeletal elements 
Vertebrae 

Indeterminate scrap 

Vertebrae 

Femur 


Indeterminate scrap 


Iguanodon ottingeri Galton et Jensen, 1979b Teeth 

Kangnasaurus coetzeei Haughton, 1915 Tooth, postcranial elements 
Loncosaurus argentinus Ameghino, 1898 Femur 

Tichosteus aequifacies Cope, 1877£ Vertebrae 

Tichosteus lucasanus Cope, 1877f Vertebra 


is bounded by the lacrimal and maxilla. Unlike basal ornitho- 
pods, in which there is usually a well-developed fossa associated 
with the external fenestra (a feature retained at least in Dryo- 
saurus), this is usually much reduced in iguanodontians and 
forms a shallow tubular structure rather than an expanded re- 
cess (fig. 19.2, Iguanodon); in the most derived nonhadrosaurid 
iguanodontians (Altirhinus, Protohadros, possibly Probactrosaurus) 
the external opening of the fenestra is closed by the bones of the 
snout (Head 1998; Norman 1998). 

The ventral margin of the premaxilla is everted to form a 
spatulate beak and, although this is edentulous in Tenontosaurus 
tilletti, shows evidence of one premaxillary tooth in the allied 
T. dossi (Winkler et al. 1997b). In Zalmoxes (fig. 19.1), the pre- 
maxillae are narrow and pointed, and strongly resemble the 
form seen in basal ornithopods such as Hypsilophodon, whereas 
Dryosaurus has premaxillae that are only modestly expanded 
(fig. 19.1). In more derived forms the development of the pre- 
maxillary beak becomes pronounced (figs. 19.1-19.3). The caudo- 
lateral process of the premaxilla extends backward to meet and 
overlap the lacrimal in the majority of cases, and in so doing 
separates the maxilla and nasal externally. The dorsal process 
formed by the conjoined premaxillae forms a tapering wedge 
between the rostral ends of the nasals immediately above the 
nasal opening, although in Dryosaurus lettowvorbecki (Janensch 


1955) this process is unusually short and may have failed to reach 
the nasals (fig. 19.1). 

The rostral end of the maxilla is bifurcate in iguanodontians. 
In the case of Tenontosaurus, Weishampel (1984c) reported the 
presence of a rostromedial process of the maxilla that fitted into 
the caudomedial edge of the conjoined premaxillae. Whether the 
rostral maxilla was truly bifurcate, as in Dryosaurus (Janensch 
1955) and other iguanodontians (Norman 1986, 1996), or retains 
the configuration seen in euornithopods such as Hypsilophodon 
and Thescelosaurus is uncertain. In the case of the apparently 
more derived Zalmoxes, the rostral end of the maxilla is not bi- 
furcate and more nearly resembles the form seen in thescelo- 
saurs and more basal euornithopods. Behind this region in the 
most basal forms (Tenontosaurus and Zalmoxes) the nasal and max- 
illa retain sutural contact on the exterior of the snout (fig. 19.1). 
The number of tooth positions (alveoli) in the maxilla varies 
significantly among iguanodontians. In general there are fewer 
tooth positions in more basal forms (about 10-12 is the minimum 
in the range, seen in forms such as Tenontosaurus and Zalmoxes), 
rising numbers are seen in forms such as Dryosaurus (13-17), 
Camptosaurus (14-16), whereas more derived forms, such as 
Iguanodon, range to near 30 and Eolambia possesses at least 33. 

Each nasal is long, narrow, and arched transversely, meeting 
and usually overlapping the prefrontal and, in some instances, 
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FIGURE 19.1. Skulls of: A, Tenontosaurus tilletti; B, Zalmoxes robustus; C, Dryosaurus lettowvorbecki; D, Camptosaurus dispar. Scale = 5 cm. (A from Sues 
and Norman 1990; B Weishampel et al. 2003; C from Sues and Norman 1990; D from Norman and Weishampel 1990.) 


the lacrimal as well, immediately in front of the orbital opening. 
The prefrontal and lacrimal border the orbit; the former sends a 
fingerlike process backward to rest in steplike grooves on the sur- 
face of the frontal. The lacrimal is a large bone (much obscured 
by the surrounding snout bones) that runs forward and lines 
the lateral part of the nasal cavity. 

The frontals form a broad portion of the skull table (fig. 19.4) 
but, except in Dryosaurus, have a comparatively short exposure 
on the orbital margin (completely lost in Jinzhousaurus, Wang 
and Xu [2001a, 2001b]) and are tightly sutured to each other 
along the midline. The frontals form a strong, deep, curved (and 
usually interdigitate) suture with the parietals. The frontal plate 
in iguanodontians is flat, rather than arched as is the case in 
more basal euornithopods. The parietals are fused into a single 
saddle-shaped plate that bears a median sagittal crest; this plate 
is generally indented (notched) along its occipital edge where it 
meets the ascending process of the supraoccipital. The rear por- 
tion of the skull table forms an essentially rectangular open 
frame, the outer edges of which are formed by the postorbital- 
squamosal bars that enclose the large ovoid supratemporal fen- 
estrae on either side (separated by the parietal shield and its 
sagittal crest). In some instances the upper temporal arches con- 
verge toward the occipital surface (as in Dryosaurus lettowvorbecki, 
Iguanodon atherfieldensis, and Ouranosaurus nigeriensis, fig. 19.4) 
but this is a variable trait within nonhadrosaurid iguanodon- 
tians. The general proportions of this region of the skull roof may 
vary slightly but the supratemporal fenestrae are consistently 
oval with their long axes parallel to the long axis of the skull. The 
shaft of the quadrate is nearly straight or slightly curved and the 
dorsal head of the quadrate is often supported by a vertical but- 
tress. The lateral wing of the quadrate connects with the jugal 
arch and is embayed for the attachment of the quadratojugal. 
The embayment is shallow in some instances (Tenontosaurus, 
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Rhabdodon, Camptosaurus, Eolambia, and Protohadros) and con- 
tains a tightly fitting quadratojugal. In other forms the quadrate 
is more acutely notched (e.g., Dryosaurus and [guanodon) and in 
this instance the quadratojugal spans the upper and lower edges 
of the embayment, and enclosing a distinct paraquadrate fora- 
men. In Tenontosaurus the quadratojugal is punctured by a large 
fenestra; this is an unusual feature also found in some basal or- 
nithopods (Hypsilophodon, see Galton 1974a). 

The bones of the palate of iguanodontians have been de- 
scribed in varying detail, depending on preservation. Those of 
Tenontosaurus dossi have been described in some detail (Winkler 
et al. 1997b), but were not illustrated. The description is similar 
in many respects to that of most ornithopods and ornithis- 
chians generally (Norman 1980, 1986). In species of Iguanodon 
(fig. 19.5) and Altirhinus (Norman 1998) the vomers form deep, 
thin plates that are fused along their ventral edges. The rostral 
portion contacts a median, slotlike recess between the pre- 
maxillae. From here, the vomers form a keel-like blade that bi- 
sects the nasal cavity, extending along the midline as far as the 
level of the lacrimal. The dorsal portion of each vomer consists 
of a deepening plate that diverges from its neighbor, thereby 
forming the medial septal walls of the nasal cavity. The distal ex- 
tremity of each vomer extends dorsally in a rising arch to meet 
or lie adjacent to the rostral extremity of the pterygoid and the 
dorsal margin of the palatine. 

The palatine is rhomboidal in outline (when viewed dorso- 
laterally) and forms the lower part of the medial wall of the or- 
bit. The ventral portion articulates with the caudomedial part 
of the body of the maxilla. From here, the palatine rises in a 
smooth arch toward the midline just beneath the frontal-nasal 
suture. The rostral edge of the palatine is smoothly curved and 
has a rounded edge. The medial edge, by contrast, is sutured to 
the narrow, obliquely inclined rostral process of the pterygoid. 


Cc 


FIGURE 19.2. Skulls of: A, [guanodon atherfieldensis; B, Ouranosaurus nigeriensis; C, Altirhinus kurzanovi; D, Eolambia caroljonesa. Scale = 10 cm. (A from 
Norman et al. 1987; B from Taquet 1976; C from Norman 1998; D from Kirkland 1998b.) 


FIGURE 19.3. Skulls of: A, Muttaburrasaurus langdoni; B, Protohadros byrdi; C, Jinzhousaurus yangi; D, Probactrosaurus gobiensis. Scale = 10 cm. 
(A from Bartholomai and Molnar 1981; B from Head 1998; C from Wang and Xu 2001b; D from Norman 2002.) 


The rostral portion of the pterygoid is narrow, thin, and 
twisted axially. Toward the body of the pterygoid, the ventral 
edge is sutured to the oblique margin of the maxilla, and this 
area is further bound to the maxilla by the straplike ectoptery- 
goid. Behind the basal articulation at the center of the pterygoid, 


the central plate of the pterygoid develops into a deep, thin 
sheet of bone that is forked and overlaps the medial side of the 
pterygoid ramus of the quadrate. Ventrally and beyond the end 
of the maxilla, the pterygoid develops a broadly curved pterygoid 
flange, the site of attachment of M. pterygoideus dorsalis. 


BASAL IGUANODONTIA 419 


<p / 
A 


FIGURE 19.4. Skulls in dorsal aspect: A, Dryosaurus lettowvorbecki; B, Iguanodon atherfieldensis; 
C, Ouranosaurus nigeriensis. Scale = 10 cm. (A from Sues and Norman 1990; B from Norman et al. 
1987; C from Taquet 1976.) 


The ectopterygoid is adequately known only in Iguanodon 
(Norman 1980, 1986). It is a narrow strap of bone that lies in a 
recess on the lateral surface of the maxilla. The rostral end fits 
against the medial side of the jugal adjacent to the jugal-maxilla 
suture, while the body of the ectopterygoid extends across the 
maxilla and on to the pterygoid; whether it forms part of the 
lateral margin of the ventral pterygoid flange or simply helps to 
lock the pterygoid to the maxilla cannot presently be deter- 
mined. Hadrosaurid iguanodontians exhibit an abbreviated 
ectopterygoid that entirely fails to make contact with the jugal 
(Lambe 1920). 

The braincase of Tenontosaurus dossi (fig. 19.7) has been de- 
scribed by Winkler et al. (1997b) and comprises a large basi- 
occipital that forms a crescentic condyle, while the exoccipitals 
form condylids on the dorsolateral corners. The main body of 
the basioccipital is narrow before reexpanding at the contact 
with the basisphenoid and basal tubera; on the rostrolateral sur- 
face of the basal tubera, the basisphenoid forms a large oblique 
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plate with a rugose surface (crista tuberalis), which has been in- 
terpreted (Norman 1984a; Weishampel 1984c) as an area for 
attachment of part of the constrictor dorsalis musculature (or 
its ligamentous derivative). The back of this flange acts as a 
groove for the passage of the palatine branch of the facial nerve 
(c.n. VID before it enters the carotid canal. The rostral part of the 
basisphenoid is damaged. The occipital aspect of the braincase 
is dominated by the supraoccipital (fig. 19.6), which forms a 
broad, inclined plate shaped like an inverted T with the promi- 
nent ascending process abutting the undersurface of the pari- 
etal plate. On either side the wings of the supraoccipital spread 
laterally to meet the inner surfaces of the squamosals dorsal to 
the paroccipital process (between the supraoccipital and parietal 
plate on either side of the nuchal ridge is a space that probably 
represents the remnant of the posttemporal fenestra). The supra- 
occipital plate extends ventrally as a transversely concave sheet 
that is apparently draped over the exoccipitals, but the latter meet 
in the midline to exclude the supraoccipital from the boundary 


FIGURE 19.5. Reconstructed sagittal section through the skull of [guanodon atherfieldensis indicating the 
palate bones. Scale = 10 cm. (From Norman et al. 1987.) 


of the foramen magnum. The overall similarity in the propor- 
tions of the occiput to the configuration in basal ornithopods is 
striking. In addition, the supraoccipital has a significant rostral 
extension into the dorsolateral walls of the braincase along the 
suture between the parietal and the prootic-opisthotic com- 
plex. The detailed morphology of the supraoccipital is not often 
discernible; however, in this respect the supraoccipital is as ex- 
tensive as that found in some hadrosaurids (Horner 1992) and 
basal ornithopods such as Hypsilophodon (Galton 1974a). The 
exoccipitals and opisthotics are fused on either side to form 
large, hooked paroccipital processes, and these are in turn over- 
lapped by the prootic in archosaurian fashion; between these 
latter bones and the ventral braincase elements there is a hori- 
zontal groove punctured by the cranial nerves, blood vessels, and 
auditory apparatus (figs. 19.8, 19.9). Rostrodorsally the prootic 
contacts the laterosphenoid, which, in turn, swings laterally and 
dorsally, contacting the undersurface of the parietal and frontal 
before terminating in a rounded capitate process that meets the 
frontal and medial face of the postorbital. Unusually, in non- 
hadrosaurid ornithopods, the orbitosphenoid-sphenethmoid 
plate is preserved, spanning the gap between the laterosphenoids 
at the front of the braincase; the orbitosphenoid and spheneth- 
moid bones contact and fuse with the frontal dorsally and the 
laterosphenoids laterally and form a reticulate arrangement 
through which the olfactory lobes and cranial nerves exited 
from the front of the braincase. 

The neurocranial region in more derived iguanodontians 
(Norman 1980, 1986; Galton 1983c) is firmly fused and consists 
of lateral walls comprising: the orbitosphenoid, the laterosphe- 
noid, the prootic, the opisthotic, and the exoccipital. The crista 
prootica extends across the prootic and the opisthotic to the 
base of the paroccipital process, marking the attachment site 
of M. levator pterygoideus (fig. 19.7B). Ventrally, the braincase 
comprises the parasphenoid, the basisphenoid, and the basi- 
occipital. The shallowly etched surface between the traces of the 
maxillary and mandibular branches of c.n. V along the lateral 
wall of the basisphenoid marks the site of attachment of either 
the M. protractor pterygoideus or an equivalent ligament that 
extended on to the dorsomedial edge of the pterygoid. The basip- 
terygoid process of the basisphenoid is low and oblique (Nor- 
man 1980, 1986; Weishampel 1984c; Norman etal. 1987), and the 
occipital condyle portion of the basioccipital is set on a short, 


but distinct, neck and varies in size and shape from species to 
species. In some taxa, it is almost heart-shaped in occipital view 
(Ouranosaurus), whereas in others it may be globular ([guanodon). 

The occiput is formed principally of the massive laterally 
projecting paroccipital processes; between these, the foramen 
magnum is surrounded by the exoccipitals, which together form 
a horizontal bar separating the foramen magnum from the more 
dorsally positioned supraoccipital (fig. 19.6), unlike what is found 
in Dryosaurus and Camptosaurus. The supraoccipital is not well 
delimited, partly because it is lodged more dorsally in a recess 
in the occipital surface beneath the parietals and between and 
below the shoulders of the occiput formed by the squamosals 
and exoccipitals. It is thin and poorly ossified in Iguanodon ather- 
fieldensis (Norman 1986) but prominent in I. bernissartensis 
(Norman 1980). Ouranosaurus nigeriensis has a lower and broader 
braincase than any other iguanodontian, more similar in its 
proportions to those seen in some hadrosaurids. All the bones 
within the occiput are fused, and it is reported that the supra- 
occipital is excluded from the foramen magnum as in all the 
more derived iguanodontians (Taquet 1976). 

Internally, the endocranial cavity of Iguanodon (fig. 19.8) is 
similar to that seen in hadrosaurids (Ostrom 1961a; Norman and 
Weishampel 1990). The rostral telencephalic region is broadly 
expanded, followed by a constriction accommodating the 
mesencephalon and finally the dorsoventrally expanded me- 
tencephalic and myelencephalic region that tapers caudally 
toward the foramen magnum (fig. 19.8). The area immediately 
beneath the mesencephalon is made more complex by the 
presence of vessels leading to and from a large sinus on the 
dorsolateral wall of the endocranial cavity. The bulbous telen- 
cephalon (composed mainly of the paired cerebral hemispheres) 
tapers rostrally to the coronal sulcus, a constricted region that 
marks the rostral termination of the cerebral expansion and sep- 
arates this part of the brain from the olfactory lobes. Beneath 
the broadly expanded area of the cerebral hemispheres, there 
is a well-preserved pituitary fossa and indications of the paths 
of the associated vessels and nerves. All 12 cranial nerves are 
present (Norman and Weishampel 1990). The osseous labyrinth 
is also known in Iguanodon (fig. 19.9). The labyrinth is not- 
able for the small size of the sacculus and the elongate lagena, a 
combination of features that is similar to that in many other 
dinosaurs. 


BASAL IGUANODONTIA 421 


FIGURE 19.6. A, B, Occipital and rostral views of the braincase of Tenontosaurus dossi; C, occipital view 
of Iguanodon atherfieldensis; D, occiputal view of Camptosaurus dispar; E, occiputal view of Ouranosaurus 
nigeriensis. Scale = 10 cm. (A, B from Winkler et al. 1997b; C, D from Gilmore 1909; E from Taquet 1976.) 


The predentary of Tenontosaurus is deep and wedgelike in lat- 
eral aspect and horseshoe-shaped in dorsal view; it has a single, 
broad ventral process (Winkler et al. 1997b), which is similar in 
overall shape to that seen in more basal euornithopods; its sharp 
dorsal margin bears toothlike projections near the midline. In 
all more derived iguanodontians (where known) the predentary 
exhibits a different morphology: the ventral process, which 
underlies the dentary symphysis, is strongly bifurcated, so that 
one flap on each side is lodged against the undersurface of the 
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dentary, lateral to the symphysis. The degree to which each 
toothlike denticula is developed along the occlusal edge of the 
predentary also varies; the predentary of Zalmoxes is non- 
denticulate, as is the predentary in Dryosaurus (this bone has not 
been described in Camptosaurus). More derived iguanodontians, 
when well-preserved, show the presence of denticulate pre- 
dentaries, which vary from sharply pointed ([guanodon spp.) to 
more lobate (Probactrosaurus), reminiscent in the latter case of 
those seen in the predentaries of hadrosaurids. 


FIGURE 19.7. The braincase of Iguanodon cf. atherfieldensis in left lateral 
view. Scale = 10 cm. (From Norman 1986.) 


FIGURE 19.8. Endocranial cast of Iguanodon sp. from the Wealden of 
Sussex, England, in left lateral view. Scale = 10 cm. (From Norman 1977.) 


FIGURE 19.9. Matrix-filled bony labyrinth of Iguanodon sp., and sketch of the soft tissues it contained. 
Scale = 5 cm. (From Norman 1977.) 


The dentary has a beveled rostral tip with a groove dorsally; 
this structure fit between the upper occlusal ramus of the pre- 
dentary and its lower (midline) ventral process to create a stable 
symphyseal junction. The main body of the dentary is stout, 
with, in most cases, parallel dorsal and ventral edges, and con- 
tains a variable number of tooth positions (as a general rule fewer 
are found in more basal members of Iguanodontia: approxi- 
mately 12 in the most basal taxon Tenontosaurus, 10 in Zalmoxes, 
and 12-14 in Dryosaurus and Camptosaurus). More derived iguano- 
dontians have tooth position counts that range into the high 
20s. Caudally the dentary develops a distinct coronoid process 
from its dorsolateral edge, which is supported by the bladelike 
rostral portion of the surangular. The degree of development 
and overall prominence of the coronoid process varies consid- 
erably across nonhadrosaurid iguanodontians. In more basal 
forms (Tenontosaurus, Zalmoxes, Dryosaurus, Camptosaurus dispar, 
Camptosaurus hoggi [Norman and Barrett 2003]) the coronoid 


process is elevated, but oblique, relative to the long axis of the 
dentary ramus. More derived forms exhibit a more perpendicu- 
lar and larger coronoid process, and in the most derived forms 
identified (Eolambia, Protohadros, Probactrosaurus) the coronoid 
process is not only highly elevated, but also offset strongly lat- 
erally and rostral relative to the distal part of the dentition; the 
coronoid process also has a laterally compressed and rostrally ex- 
panded apex—a condition similar to that seen in hadrosaurids. 
The surangular of Tenontosaurus is the largest of the post- 
dentary bones and bears a prominent tablike process lateral and 
rostral to the quadrate cotylus (as also seen in Zalmoxes robustus 
and some basal ornithopods, e.g., Bugenasaura). There is a promi- 
nent accessory surangular foramen (possibly a remnant of the 
external mandibular fenestra seen in more basal ornithischians) 
close to the dentary suture beneath the coronoid process. The 
surangular foramen sensu Stricto is present immediately beneath 
and rostral to the everted lip of the surangular that buttresses 
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the lateral edge of the jaw joint. The dentary is long and trans- 
versely thick, more so caudally, and the alveoli are positioned 
along the extreme medial edge. The teeth form a more or less 
straight array mesially, but toward the distal end of the series the 
tooth rows curve laterally toward the base of the coronoid pro- 
cess; however, in more derived iguanodontians the distal por- 
tion of the dentition is straight, passes medial to the coronoid 
process, and is separated from the latter by a shelf (Probactro- 
saurus). There can bea diastema between the predentary and the 
tooth-bearing portion of the dentary, variably developed among 
basal iguanodontians (short or absent in [guanodon lakotaensis 
and I. bernissartensis; long in I. atherfieldensis, Ouranosaurus nige- 
riensis, Eolambia, and Protohadros; but short in basal hadrosaurids 
such as Telmatosaurus [Weishampel et al. 1993] and [Bactrosaurus 
Godefroit et al. 1998b]). The surangular is large and well exposed 
on the lateral surface of the mandible. The rostral portion of 
this bone slots into a sleeve formed by the dentary. Dorsally the 
surangular develops a slot-groove suture with the dentary and 
coronoid (Norman 1980, 1986). Behind the coronoid process 
the surangular drops sharply and broadens to form the major 
part of the jaw joint. Here the surangular consists of a broad cup- 
shaped depression that receives the convex lateral portion of 
the mandibular condyle of the quadrate. Behind the joint there 
is a retroarticular process, the medial side of which bears a shal- 
low depression for the articular bone. Rostral and ventral to this 
area, there are further depressions for the prearticular, angular, 
and splenial. The surangular forms the lateral margin of the ad- 
ductor fossa. 

The articular is small and poorly ossified, occupying a lozenge- 
shaped recess between adjacent postdentary bones (surangular, 
prearticular, angular); it contributes a little to the medial part of 
the jaw joint. The prearticular serves (along with the surangular) 
to sandwich the articular and forms the medial border of the 
glenoid. Rostrally, the prearticular is thin where it forms the me- 
dial margin of the adductor fossa and sends a spur toward the 
base of the coronoid process. Farther rostrally, the prearticular is 
long and tapering beneath the arcade of special foramina medial 
to the dorsal part of the mandibular canal; it is overlain by the 
splenial, which lies ventral to the prearticular and with the lat- 
ter covers the mandibular canal. The rostral extent of the sple- 
nial is not yet known. The splenial lies beneath the prearticular 
and contacts the surangular by means of a lateral, horizontal 
shelf (Norman 1980). The angular lies along the ventral edge of 
the mandible and is visible laterally. Although variable among 
genera, the angular is a long, thin bone that sits in a recess on the 
ventral surface of the surangular. It contacts the splenial medi- 
ally along a butt suture. 

The coronoid attaches to the medial side of the apical por- 
tion of the coronoid process of the dentary. Again, this bone is 
visible in lateral view as a small corona above the dentary por- 
tion of the process in several iguanodontians, and an isolated 
coronoid was tentatively identified in Ouranosaurus (Taquet 
1976). No discrete coronoid bone has been identified in lower 
jaws of more derived iguanodontians (Altirhinus, Eolambia, Proto- 
hadros, Probactrosaurus) and none has been reported in hadro- 
saurids. The caudal edge of the coronoid is involved (at least in 
species of [guanodon) in a complex suture between the dentary 
and surangular (Norman 1986). In addition, better-preserved 
material of I. atherfieldensis shows that there is a ventral exten- 
sion of this bone that extends medial to the mesial alveoli and 
gradually tapers rostrally medial to the alveolar parapet. A simi- 
lar arrangement was recognized much earlier in ceratopsids 
(Brown and Schlaikjer 1940a), and the bone extending along the 
medial wall of the dentary was named the intercoronoid. This 
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FIGURE 19.10. Hyoid bones of Ouranosaurus nigeriensis: A, dorsal view; 
B, lateral view. Scale = 5 cm. (After Taquet 1976.) 


intercoronoid, however, may be a ventral extension of the coro- 
noid bone rather than a separate ossification; a similar structure 
has been identified in Scelidosaurus (Norman, in prep.) and Leso- 
thosaurus (Sereno 1991b). 

Portions of the hyoid apparatus are commonly preserved 
between the mandibles in undisturbed skulls (fig. 19.10). The 
paired ceratobranchials are elongate curved rods tapering to- 
ward one end. The end of the ceratobranchial is abruptly trun- 
cated and sometimes preserves the articular surface for adjacent 
parts of the hyoid. 

The crowns of both the maxillary and dentary teeth are 
mesiodistally expanded and buccolingually compressed, pre- 
senting a flattened, shield-shaped face subdivided by enamel 
ridges buccally and lingually, respectively. There is a general 
trend associated with the pattern or ridges on the shieldlike sur- 
face of the crowns. Maxillary crowns (fig. 19.11) of basal forms 
have patterns of low ridges in a parallel or divergent array run- 
ning from root to apex, the ridges themselves ending at marginal 
denticles; the dentary crowns (fig. 19.11), in contrast, are marked 
by a generally submedian, prominent primary ridge running 
from the base of the crown to its apex and a variable number 
of subsidiary ridges. More derived iguanodontians exhibit max- 
illary teeth that show a single, submedian, prominent primary 
ridge and few subsidiary ridges, whereas the dentary crowns 
show a pattern of much less prominent ridges, usually a low but 
distinct primary ridge that ends at the apex of the crown, and 
normally at least one secondary ridge situated mesial to the pri- 
mary ridge. In the most derived iguanodontians the maxillary 
and dentary crowns become generally narrower and more sym- 
metrical, converging on the simplified, diamond-shaped crown 
face morphology seen in hadrosaurid iguanodontians. 

In basal iguanodontians a veneer of enamel covers the entire 
crown of both maxillary and dentary teeth, but is thicker and 
distinctively ridged on the lingual surface of the dentary and buc- 
cal surface of the maxillary crowns, respectively. In more derived, 
but nonhadrosaurid, iguanodontians the enamel surface of the 
crown is found to be more restricted so that maxillary crowns are 
only enameled buccally and dentary crowns are corresponding 
enameled lingually. The margins of all crowns are ornamented 
by enameled denticles. More basal iguanodontians display 
denticles that are simple and tongue-shaped when the tooth is 
viewed edge on; in more derived forms the edges of the denticles 
are mammillated to varying degrees, as originally recognized by 
Owen (1840). Denticles and mammillations are progressively 
eliminated in hadrosaurid dental batteries. 


FIGURE 19.11. A, B, Maxillary (buccal view) and dentary (lingual view) 
teeth of Dryosaurus lettowvorbecki; C, D, dentary (lingual view) and 
maxillary (buccal view) teeth of Altirhinus kurzanovi; E, dentary (lingual 
view) tooth of Probactrosaurus gobiensis. Scale = 1 cm. (A, B from Sues 
and Norman 1990; C, D from Norman 1998; E from Norman 2002.) 


Tooth replacement patterns vary slightly among taxa. Most 
iguanodontians show evidence of one functional crown in each 
jaw that is supported by a single replacement crown growing 
medial to its base within the same alveolus. However in the most 
derived forms known to date (Equijubus [You et al. 2003b], Al- 
tirhinus [Norman 1998}, Protohadros [Head 1998], Eolambia [Kirk- 
land 1998b], Probactrosaurus [Norman 2002]), a second replace- 
ment crown is found in the dentary and maxillary batteries. 
This overall increase in the number of teeth in the dentition and 
concomitant close packing of the crowns within the dentition 
together converge on the replacement pattern and dental-battery 
construction exhibited by hadrosaurid iguanodontians. 


Postcranial Skeleton 


AXIAL SKELETON 


The vertebral column of the basal iguanodontian Tenontosaurus 
comprises 12 cervical, 16 dorsal, 5 sacral, and between 60 and 
65 caudal vertebrae (Ostrom 1970a; Forster 1990a). The cervical 
vertebrae are weakly opisthocoelous and have constricted sides 
and thick, rugose ventral keels (Forster 1990a). The neural arches 
bear short, stout neural spines that are narrow and pointed cra- 
nially, but become thicker, taller, and broader along the series. 
The centra of the dorsal vertebrae are amphiplatyan and have 
subcircular articular ends. The robust neural arches are low (never 
much taller than the combined height of centrum + neural arch 
platform) and bear stout zygapophyses, which have articular 
facets inclined at about 45° throughout the dorsal column. The 
cranial sacral centra fuse to each other and their sacral ribs in 
adult individuals of T. tilletti (Forster 1990a) and T: dossi (Wink- 
ler et al. 1997b); in young individuals these bones remain un- 
fused. The sacral series incorporates an additional dorsosacral 


FIGURE 19.12. First three cervical vertebrae of I[guanodon atherfieldensis 
in articulation. Scale = 5 cm. (From Norman et al. 1987.) 


vertebra. The tail accounts for two-thirds of the length of the 
body in Tenontosaurus (fig. 19.13A). The proximal caudal verte- 
brae have short, deep, and broad centra and narrow neural 
spines of moderate height that are forwardly curved; the latter 
become straighter and rapidly become longer along the series. 
The chevrons mirror the neural spines, quickly increasing in 
length and even exceeding the length of the neural spines far- 
ther along in the series. 

Epaxial ossified tendons are found along almost the entire 
dorsal series, across the sacrum, through to the end of the tail; 
they are of variable length and vary in orientation, and some 
bifurcate or have a flattened appearance (Forster 1990a); similar 
features have been reported in Iguanodon (Norman 1986) and 
Hypsilophodon (Galton 1974a). The tail of Tenontosaurus is un- 
usual for iguanodontians in that it is also enclosed by dense 
bundles of epaxial and hypaxial ossified tendons for most of its 
length (Ostrom 1970a; Forster 1990a). Hypaxial tendons begin 
at about the fifth or sixth caudal vertebra and extend to the dis- 
tal extremity of the tail, where they form dense overlapping 
bundles that completely enclose and obscure the caudal verte- 
brae and chevrons. In T: dossi some of the tendons in the tail are 
also reported to be thin and fan-shaped (Winkler et al. 1997b). 

The axial skeleton of Dryosaurus (fig. 19.13B) is not signifi- 
cantly different from those of a variety of basal euornithopods, 
such as Hypsilophodon (Janensch 1955). The vertebral count is 
described as 9 cervicals, 15 dorsals, 6 sacral vertebrae, and an 
indeterminate number of caudals (30+). This count is similar to 
that recorded in Camptosaurus (Gilmore 1909), 9: 15-16: 5: 45+, 
which suggests that the high vertebral count recorded in Tenonto- 
saurus is an apomorphy of the genus. In Camptosaurus (fig. 19.14A) 
the cervical centra form low cylinders with a ventral keel and 
become progressively more opisthocoelous along the series 
(commencing with essentially flat-faced centra cranially). The 
cranial face of the centra of more caudal cervicals also develops 
a low convexity. Dorsals are similar in general shape, but have 
a narrower ventral keel and are amphiplatyan. The transverse 
processes are long and oblique cranially in the series and have an 
angled, essentially rhomboid, tall median neural spine, which 
becomes progressively longer, thicker, and more upright in later 
members of the series. As in Tenontosaurus the cranial members 
of the sacral series fuse earlier than the late members during 
ontogeny. Ossified tendons are present epaxially in all of the 
more derived iguanodontians, but no hypaxial bundles similar 
to those described for Tenontosaurus (and a variety of more basal 
euornithopods) have been reported. The epaxial ossified tendons 
adopt a latticelike arrangement in some instances along the cau- 
dal dorsal series in Camptosaurus (Gilmore 1925b) and in more 
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FIGURE 19.13. Skeletal reconstructions: A, Tenontosaurus tilletti; B, Dryosaurus altus. Scale = 1 m. (Courtesy of and copyright by G. S. Paul.) 


derived iguanodontians ([guanodon) in which the neural spines 
are tall and provide a span for a lattice to form (fig. 19.14B). 

In more derived iguanodontians vertebral counts, when 
known, are consistent—Iguanodon atherfieldensis: 10 or 11 cervi- 
cal vertebrae, 17 dorsals, 6 sacrals, and 45+ caudals; I. bernis- 
sartensis: 11 cervicals, 17 dorsals, 7 sacrals, and 50+ caudals; 
Ouranosaurus nigeriensis: 11 cervicals, ~17 dorsals, 6 sacrals, and 
40+ caudals. 

The atlas (fig. 19.12) comprises a crescentic intercentrum 
bearing a concave dorsal margin that receives the odontoid 
process of the axis, a smoothly concave articulation for the oc- 
cipital condyle and liplike facets for attachment of the single- 
headed first cervical rib (fig. 19.12). The neural arch is paired, 
and each half has a small articular surface for the occipital 
condyle, above which is a narrow arch that curves over the neu- 
ral canal. From the dorsolateral margin of the arch, there is a 
slender transverse process that is directed obliquely backward 
and upward; medially, the postzygapophysis is horizontal. The 
ventral portion of the neural arch curves forward and supports 
the small proatlas elements interposed between the occiput 
and the atlas. Proatlases are rarely found, but have been de- 
scribed in Iguanodon bernissartensis (Norman 1980) and Ourano- 
saurus nigeriensis (Taquet 1976). As in all archosaurs, the atlas 
pleurocentrum is attached to the centrum of the axis, forming 
the rotational axis for the atlas-axis complex. The axis is notable 
for a prominent neural spine that forms a bladelike structure 
above the centrum, extending forward between the separate 
arches of the atlas. In addition, the ventral surface of the axis 
pleurocentrum has a small wedge-shaped intercentrum attached 
along its rostroventral border. Both of these structures control 
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the movement between the atlas and the axis. A large para- 
pophyseal facet is present immediately behind the rostral artic- 
ular surface of the centrum, and above and caudal to this, there 
is a small diapophyseal facet. The caudal surface of the centrum 
is concave, the degree of concavity depending on the species 
and size of the individual. This surface receives the convex cra- 
nial articular surface of the third cervical. 

The form of the third cervical is like that of the remainder of 
the cervical series. The main body of the centrum has a large 
convex articular surface (least developed in Tenontosaurus, Dryo- 
saurus, and Camptosaurus dispar), behind which the centrum is 
contracted laterally, but retains a prominent ventral keel; cau- 
dally, the articular surface is concave. The neural arch is divided 
into oblique forwardly directed processes that support the pre- 
zygapophyses. Caudally the postzygapophyses are supported 
by long, arched processes that diverge from a low midline ridge 
or spine. 

A number of serial changes occur down the cervical series. 
The neural spine becomes gradually more prominent. The cen- 
tra become narrower and taller. The zygapophyses recede into 
the larger and broader neural platform that develops to support 
the neural spine. The parapophysis for the rib head becomes 
larger and begins to migrate dorsally to lie on or close to the 
neurocentral suture. 

Ribs are found on all cervicals. The first is a simple rod, the 
remainder are bicephalous and increase in length as the dorsal 
series is approached. Ouranosaurus is unusual in having cervical 
ribs that are randomly fused to their vertebrae (Taquet 1976). 

The change from cervical to dorsal is marked for convenience 
by the migration of the parapophysis from the neurocentral su- 
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FIGURE 19.15. Skeletal reconstruction: Ouranosaurus nigeriensis. Scale = 1 m. (Courtesy of G. S. Paul; amended by removal of nuchal membrane.) 


ture onto the base of the neural arch. Cranial dorsals retain many 
cervical features, so the overall transition is not abrupt. Farther 
along the dorsal series the centra become narrower and taller, 
while the articular surfaces become uniformly amphiplatyan, 
although in some taxa the dorsals closer to the sacrum develop 
mild opisthocoely. The neural arch develops a broad horizontal 
platform to support the elevated, generally obliquely rectangu- 
lar, neural spine, while laterally the diapophyses develop into 
robust, oblique processes that support the tuberculum of the rib 
distally and the proximal portion becomes notched with a large, 
thumb-print-like depression, which is the facet for the capitu- 


lum of the rib. Down the dorsal series the parapophysis shows a 
characteristic migration first up the side of the neural arch to 
the neural platform and then outward along the diapophyseal 
process, eventually merging with the diapophysis either com- 
pletely or ina distinctly stepped facet in the most caudal dorsals. 
Neural spines increase in height along the series as it approaches 
the sacrum in most taxa, excepting the smaller species (notably 
dryosaurids). The degree of lengthening of the neural spines 
reaches is greatest expression in Ouranosaurus nigeriensis (fig. 
19.15; Taquet 1976), where the spine is as much as nine times the 
height of the centrum (fig. 19.16). The centra of the last dorsal 
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FIGURE 19.16. Dorsal vertebrae: A, [guanodon bernissartensis; 
B, Iguanodon atherfieldensis; C, Ouranosaurus nigeriensis. Scale = 5 cm. 
(A from Norman 1980; B from Norman 1986; C from Taquet 1976.) 


vertebrae are axially compressed, have broad articular surfaces, 
are opisthocoelous, and have zygapophyses that are practically 
horizontal. The last neural spine in the dorsal series of Ourano- 
saurus is unusual in that it has a groove down the caudal margin; 
this evidently fit against the cranial margin of the spine of the first 
sacral vertebra (Taquet 1976). The entire dorsal series is gently 
arched, slightly more so closer to the cervical-dorsal junction. 

The dorsal vertebrae (and caudals) of Iguanodon fittoni are 
distinctive in their long, narrow, and steeply inclined neural 
spines (Norman 1987b). These do not in any way resemble those 
of Ouranosaurus nigeriensis. Another more robust contemporary 
species, Iguanodon dawsoni, has larger vertebrae with shorter, 
broader neural spines and almost cuboid caudal centra—these 
are most similar to those referred to as Camptosaurus browni 
(Gilmore 1909). The composite reconstruction of a dorsal verte- 
bra of Muttaburrasaurus langdoni resembles in its proportions 
that of I. dawsoni or a large camptosaur (Bartholomai and Mol- 
nar 1981). 

In Iguanodon spp. (fig. 19.14) cranial dorsal ribs differ little 
from those of the cervical region. However, they increase in 
length markedly at the front of the dorsal series; the fifth and 
sixth ribs are the longest. Ribs 3 through 9 develop blunt distal 
ends that mark the articulation with the sternal ribs. Farther 
along the series, the rib shafts become narrower and shorter as 
they approach the sacrum. The principal load-bearing sacral 
ribs and vertebrae are found at the cranial end of the sacrum. 
The sacral ribs are massive, twisted elements forming a sacral 
yoke laterally where their distal ends meet, fuse together, and 
have an extensive articulation with adjacent centra and neural 
arches. The neural arches of adjacent vertebrae are often fused 
together, as are the neural spines. The peg-and-socket articula- 
tion between sacral centra is known in both Camptosaurus and 
species of Iguanodon and may be a general adaptation associated 
with strengthening the sacrocentral articulation, particularly 
in immature individuals. 

Proximal caudals have tall, rectangular centra, with well- 
developed ribs fused to the vertebra along the line of the neuro- 
central contact. Neural spines are tall and obliquely inclined dis- 
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tally. They are also narrower than the neural spines of the dorsal 
vertebrae. The prezygapophyses are small and point obliquely 
forward, while the postzygapophyses are small and located on 
the distal margin of the neural spine. Middle caudals have lost 
the caudal ribs and hence are hexagonal or octagonal in cross 
section. Centrum height is reduced. The centra of the distal cau- 
dals are cylindrical and yet again reduced in height. They bear 
separate chevron facets on the ventral margin of the distal artic- 
ular surface. The neural spines become reduced to apophyses for 
the support of the postzygapophyses. 

Chevrons are not reported consistently, but are found first 
between the second and third caudal vertebrae and are long, 
slender, and slightly curved laterally compressed rods. There is a 
well-developed hemal canal at the proximal end, above which is 
an expanded bifaceted articulation with both distal and proxi- 
mal undersurfaces of adjoining vertebrae. Chevrons regularly 
shorten along the caudal series, mirroring the decline in height 
of the neural spines dorsally, and disappear toward the middle of 
the distal caudal series. 


APPENDICULAR SKELETON 


In Tenontosaurus the scapula is longer than the humerus and 
within iguanodontians these proportions are constant, although 
in some forms (Dryosaurus) the scapula and humerus are approx- 
imately equal in length. The scapula has an essentially straight 
blade that flares distally along its caudal edge; there is no 
forward-projecting acromion process. A similar condition is 
seen in Zalmoxes. In contrast, the scapula of Dryosaurus and all 
of the more derived nonhadrosaurid iguanodontians is flared 
distally and proximally bears a forwardly projecting acromion. 

The coracoid in all iguanodontians is a large, dish-shaped 
element with a prominent foramen that is most often clearly 
separated from the scapulocoracoid suture, although in some 
examples (Iguanodon bernissartensis, Camptosaurus dispar) the 
foramen appears as a notch on the scapulocoracoid suture. The 
latter is thick and undulates along its length; in one example 
(Ouranosaurus), the scapula and coracoid are fused together, 
which may be either an aberrant pathology or an autapomor- 
phy. There is a prominent, hooked sternal process on the caudal 
margin of the coracoid, and in more derived forms the exter- 
nal surface of the coracoid is marked by a prominent diagonal 
ridge (Altirhinus, Probactrosaurus). 

The sternal bone is variable in iguanodontians (fig. 19.17). In 
basal forms (Tenontosaurus, Dryosaurus, Camptosaurus) this bone 
is large, flat, and reniform (Dodson 1980; Galton 1981b; Erick- 
son 1988; Forster 1990a). In all more derived taxa the sternal has 
a hatchetlike shape, the blade formed by the portions of the 
sternals that face each other across the midline of the thorax, 
while caudolaterally there is a rod-shaped extension; this con- 
dition is found consistently in Lurdusaurus arenatus (Chabli 1988) 
and all more derived iguanodontians. 

The humerus of Tenontosaurus and Zalmoxes is robust and has 
a prominent and angular deltopectoral crest that extends for ap- 
proximately 50% of the length of the humeral shaft; this general 
morphology is reminiscent of that seen in Hypsilophodon and 
basal euornithopods and is a trait that recurs in hadrosaurids. 
The humerus of Dryosaurus (Janensch 1955) and the majority of 
more derived iguanodontians is far more gently sigmoid with 
the deltopectoral crest far less prominent, but thickened. 

The forearm bones of Tenontosaurus (Forster 1990a) are no- 
tably bowed, and the ulna lacks an olecranon process—a feature 
seen in basal euornithopods. The forearm of Zalmoxes is simi- 
larly bowed, but the ulna has a more prominent olecranon. In 


FIGURE 19.17. Sternals: A, [guanodon atherfieldensis; B, Camptosaurus 
dispar. Scale = 5 cm. (From Norman 1986; B from Dodson and 
Madsen 1981.) 


FIGURE 19.18. Manus of Iguanodon bernissartensis in dorsal view. 
Scale = 5 cm. (From Norman 1980.) 


Dryosaurus (Janensch 1955) the forearm bones are shorter, more 
slender, and straighter than in the more basal forms. The radius 
and ulna are straight and more robust in Camptosaurus, a feature 
that is likely correlated with the structure and function of the 
carpus and manus in this taxon. All more derived iguanodon- 
tians exhibit robust and straight forearm bones, except Probactro- 
saurus, which has an elongate, slender, and curved radius and 
ulna. Special note should be made of Lurdusaurus, because among 
iguanodontians it exhibits an extraordinary degree of robust- 
ness in its entire forelimb (Taquet and Russell 1999). 

The carpus in Tenontosaurus reportedly consists of three prox- 
imal elements (radiale, intermedium, and ulnare) of which the 
stout radiale is the largest; several sesamoid-like distal carpals are 
also present (Forster 1990a). Nothing is known at present of the 
carpus of Zalmoxes. The dryosaurid carpus was clearly ossified, 
but is poorly known (Galton 1981b). The carpus and manus of 
Camptosaurus are well preserved (Gilmore 1909) and show the 
development of a heavily co-ossified blocklike carpus that in- 
corporates metacarpal 1 (as a short, diagonally oriented block), 


a radiale, an intermedium, and an ulnare, along with some dis- 
tal carpals (Gilmore 1909; Erickson 1988). The carpals of [guano- 
don spp. (Norman 1980, 1986), Ouranosaurus (Taquet 1976), and 
Lurdusaurus (Taquet and Russell 1999) are all unusually heavily 
ossified and show a similar general form to that seen in Campto- 
saurus. In all these instances the distal carpals were fused 
immovably to the rest of the carpal block. In some extreme ex- 
amples carpal ligaments are found ossified on the surface of the 
carpals (Norman 1980). More derived iguanodontians have less 
well-preserved evidence of carpal structure. Altirhinus (Norman 
1988) has individually preserved carpal bones, but it is un- 
certain whether these formed a fused block during later stages of 
ontogeny; the fact that the manus of this taxon possessed a large 
conical pollex ungual and shows evidence of weight-supporting 
adaptations is certainly suggestive of a well-ossified carpus. Eo- 
lambia possessed a conical pollex ungual and short, flattened 
manus unguals, but its carpal structure is unknown. Probactro- 
saurus possessed a small, conical pollex ungual (Norman 2002) 
and shows evidence of manus weight-supporting characteristics, 
but at present its carpal structure is entirely unknown. 

The metacarpals of Tenontosaurus have flattened proximal 
ends, are generally dumbell-shaped, and are arrayed in a spread- 
ing manner (Forster 1990a). The manus is not well known in 
either Zalmoxes or Dryosaurus. Camptosaurus and Lurdusaurus 
possess short, dumbell-like metacarpals II-V (the first meta- 
carpal being short and fused obliquely to the carpal block). In 
contrast all more derived iguanodontians where the manus is 
reasonably well-preserved exhibit metacarpals II-IV that are 
narrow, elongate, and closely appressed; metacarpal V is uni- 
formly shorter and more dumbell-shaped, and in many in- 
stances can be shown to diverge strongly from the median axis 
of the manus (fig. 19.18; Norman 1980, 1986). 

The manus of Tenontosaurus has a phalangeal formula of 
2-3-3-1(?2)-1(?2) (Dodson 1980; Forster 1990a). Manus digits I- 
Ill and possibly IV bore pointed, claw-shaped unguals, and all 
digits in all iguanodontians are capable of hyperextension to 
some degree (Norman 1980). Camptosaurus had similarly shaped 
unguals, except for digit I, which has a subconical shape (Erick- 
son 1988). In Camptosaurus the digital formula is 2-3-3-3-2 (Gil- 
more 1909; Erickson 1988). Iguanodon exhibits the classically 
conical ungual on digit I and also has dorsoventrally flattened 
and distally blunt unguals II and III, with ungual II being more 
elongate and medially twisted. Iguanodon bernissartensis, which 
exhibits a well-preserved articulated manus, has the digital for- 
mula of 2-3-3-2-4, indicating unexpected hyperphalangy of 
digit V (given the almost universal trend for lateral digit reduc- 
tion seen in Dinosauria). More derived iguanodontians (per- 
haps even I. atherfieldensis) may lack the first phalanx of digit I, 
but since this bone is a thin disc in I. bernissartensis, it may read- 
ily become fused to the ungual or lost if manus elements are 
disarticulated. 

The ilium of iguanodontians is variable in form (fig. 19.20). 
In Tenontosaurus it is strongly laterally compressed and has a long, 
distinctly arched preacetabular process and a horizontal mid- 
section, while the postacetabular process has an upturned and 
thickened dorsal edge; the brevis shelf is narrow (Forster 1990a). 
The ilium of Zalmoxes is distinctive; it has a dorsoventrally com- 
pressed, robust preacetabular process, a long, arched dorsal mar- 
gin, and a slightly transversely expanded dorsal margin in the 
region just caudal to the ischial peduncle; the postacetabular 
process is deep and there is no brevis shelf. The ilium of Dryo- 
saurus has a distinctive low profile, especially caudally, and a wide 
brevis shelf (fig. 19.19). Planicoxa venenica (DiCroce and Carpen- 
ter 2001) has a long preacetabular process, the postacetabular 
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FIGURE 19.19. Pelvis in left lateral view: A, Tenontosaurus tilletti; B, Dryosaurus altus; C, Camptosaurus dispar; 
D, Iguanodon atherfieldensis; E, Ouranosaurus nigeriensis. Scale = 10 cm. (A from Coria and Salgado 1996b; B from 
Galton 1981b; C-E from Norman and Weishampel 1990.) 


process is dorsoventrally compressed and flared strongly later- 
ally, and it has a well-developed brevis shelf. Camptosaurus has 
an ilium with a higher lateral profile and a similarly long, 
straight preacetabular process, a deeper postacetabular process, 
and a moderately developed brevis shelf. In [guanodon and 
more derived iguanodontians, the ilium has a long preacetabu- 
lar process, which is often deflected ventrally; dorsally the blade 
of the ilium is more or less straight and the upper portion of the 
postacetabular process is thickened and everted, but does not 
show the notch and pendent lip characteristic of hadrosaurid 
iguanodontians. The postacetabular process is triangular, and 
its ventral edge is usually inflected medially to form a brevis 
shelf of varying proportions. The pubic peduncle of the ilium is 
triangular in cross section, with a prominent lateral margin that 
forms a remnant of the more extensive supraacetabular flange 
seen in other dinosaurs. The ischial peduncle is a broad, gener- 
ally bulbous area at the back of the acetabulum; its surface, if 
well preserved, is flattened rostrolaterally, and this may be asso- 
ciated with femoral motion. 

The pubis also varies considerably in shape and proportions 
among iguanodontians. More basal forms (apart from Tenonto- 
saurus) have a pubis that is similar to that seen in basal euornitho- 
pods. In Tenontosaurus the prepubic process is blade-shaped, be- 
ing transversely flattened but variable in shape, tending to be 
upturned and tapering slightly toward its distal end (Forster 
1990a). The shaft of the pubis is considerably shorter than the 
ischium and tapers to a sharp point that lies along the ischial 
shaft. In contrast the pubis of Zalmoxes has a narrow, rod-shaped 
prepubic process, even though the extent of the process is un- 
known (the prepubic process of Rhabdodon cf. priscus [Pince- 
maille 1997, 2002] has the form ofa narrow, laterally compressed 
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blade). In dryosaurids, the prepubic process is narrow, but flat- 
tened laterally (and in some instances dorsoventrally, Galton 
1981b) and, in contrast to Tenontosaurus, the caudal process is 
long and slender, terminating at a pubic symphysis alongside 
the distal end of the ischial shaft when the two bones are artic- 
ulated; this latter condition is more reminiscent of the mor- 
phology of basal euornithopods. Camptosaurus has a deeper 
prepubic process, but retains the long pubic shaft that termi- 
nates alongside the distal end of the ischium. In all more derived 
iguanodontians the prepubic process is deep and expanded dis- 
tally to varying degrees, while the pubic shaft is short and ta- 
pering, terminating near midshaft of the ischium and lacking 
entirely a symphysis. 

The shaft of the ischium in Tenontosaurus is a straight, later- 
ally flattened shaft with a distinctive distal expansion, which is 
a lateral bulge, rather than a craniocaudal expansion that forms 
a distinctive boot, as seen in more derived iguanodontians. The 
obturator process is large, tablike, and positioned more than 
one-third of the way down the shaft, rather than close to the 
proximal end. The ischium of Zalmoxes is unique among euor- 
nithopods in lacking an obturator process; the shaft is ventrally 
curved and is unexpanded at its distal end. The ischium of all 
more derived iguanodontians is moderately uniform in shape. 
The shaft is generally curved (arched ventrally), has a obturator 
process located within the proximal quarter of the ischial shaft, 
and its distal end is developed into a distinct boot of varying size. 
This trait might be variable within more derived iguanodon- 
tians; the imperfectly preserved ischium of Altirhinus is neither 
arched nor does it show any indication of supporting a boot. 

The femur of Tenontosaurus (fig. 19.20) is robust, nearly straight 
(Forster 1990a), and displays a pendent fourth trochanter. In 


FIGURE 19.20. Femur: A-C, Dryosaurus lettowvorbecki; D, E, Tenontosaurus tilletti; F, G, Iguanodon 
atherfieldensis. Scale = 10 cm. (A-C from Sues and Norman 1990; D, E from Forster 1990a; F, G from 
Norman 1977.) 


addition, it has a broad and shallow cranial extensor groove on 
its distal articular end. The femur of Zalmoxes, although robust 
with a shallow extensor groove, has a straight shaft in lateral 
view, but is decidedly bowed medially. The fourth trochanter is 
broken off at its base. In contrast, the femora of Dryosaurus (fig. 
19.20) and Valdosaurus (Galton 1975; Galton and Taquet 1982) 
are bowed, gracile in build when compared to the two previous 
examples, and have a distinct extensor groove separating the 
distal femoral condyles (which is particularly well developed in 
the latter genus). The fourth trochanter is pendent and prox- 
imally positioned on the shaft, and there is a distinct pit (pos- 


sibly for insertion of a part of the caudofemoral musculature) 
adjacent to the base of the fourth trochanter. This muscle scar is 
commonly observed in small, cursorial euornithopods. Campto- 
saurus and more derived iguanodontians (fig. 19.20) have larger 
and more robust femora. In these examples the femoral shaft is 
curved distally and the fourth trochanter is deeper, positioned 
on midshaft, and more blade-shaped with a slightly pendent 
tip, or it has a triangular profile. The extensor groove becomes 
deeper and more tubular in shape, becoming partially enclosed 
by expansion of small lips from the edges of the adjacent con- 
dyles. In hadrosaurids this groove becomes completely enclosed 
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by bone to form a distinct tunnel running between the articular 
surface and the dorsal surface of the femoral shaft. 

In Tenontosaurus the tibia in juveniles is slightly but con- 
sistently longer than the femur, but in larger individuals it be- 
comes shorter than the femur (Dodson 1980; Forster 1990a). The 
tibia is consistently longer than the femur in dryosaurids (Gal- 
ton 1981b) and more similar in its proportions to many basal 
euornithopods. In Camptosaurus and all more derived iguano- 
dontians the tibia is always shorter than the femur. 

The proximal tarsals cap the ends of the tibia and fibula 
and are often preserved, which is not so often the case with the 
smaller and disc-shaped distal tarsal series. The astragalus of 
Tenontosaurus is unusual in that it lacks an ascending process 
(Forster 1990a). Most iguanodontians possess a well-developed 
ascending process on the astragalus and a corresponding facet on 
the cranial surface of the distal end of the tibia. In Tenontosaurus 
the tarsus comprises two distal tarsals attached to metatarsals 
Il and IV. The number of distal tarsals preserved in more derived 
iguanodontians varies with preservational conditions. 

The pes in iguanodontians shows a consistent trend toward 
reduction of the lateral digits. In Tenontosaurus metatarsal V is 
reduced to a short splint as in basal euornithopods. Meta- 
tarsals I-IV are well developed and mutually appressed proxi- 
mally. The pes has a phalangeal formula of 2-3-4-5-0 (Forster 
1990a) and the unguals are narrow and pointed, which is slightly 
unexpected in such a large animal. The pes of Dryosaurus retains 
a vestigial metatarsal I and lacks metatarsal V. The phalangeal 
formula is 0-3-4-5-0, indicating an autapomorphic loss of the 
entirety of digit I. In contrast the pes of Camptosaurus is notable 
for the retention of two phalanges on digit I, and the unguals, 
although dorsoventrally compressed, are pointed as in Tenonto- 
saurus and Dryosaurus. The pes has three functional toes (digits 
I[-IV). Among more derived iguanodontians the digital formula 
of the pes does not vary significantly (Iguanodon atherfielden- 
sis, O-3-4-5-0; I. bernissartensis, 0-3-4-5-0; Ouranosaurus nigeriensis, 
0-3-4-5-0). In Iguanodon, the first digit is represented by a splint- 
like metatarsal alone; whether this bone is likely to have been 
preserved in other taxa is uncertain—presence or absence may 
well reflect preservational bias. The pedal unguals in all these 
forms are dorsoventrally flattened, blunt ended, and hooflike 
(but they are narrow and retain the prominent lateral claw 
grooves); these unguals are never as short and broadly rounded 
as is the case in the majority of hadrosaurids. 


Systematics and Evolution 


In recent years the discovery of many new taxa and the re- 
description of older known forms have prompted a variety of new 
systematic analyses involving various combinations of iguano- 
dontians (Godefroit et al. 1998b; Head 1998, 2001; Kirkland 
1998b; Norman 1990b, 1998; Xu et al. 2000b). A new data ma- 
trix based on 21 taxa and 67 characters was generated during 
the formulation of this chapter. Lesothosaurus (Thulborn 1970a, 
1972; Sereno 1991b) and Hypsilophodon (Galton 1974a) were used 
as outgroups. This new analysis forms the basis of the discussion 
of the phylogeny below. The analysis indicates a consistent, 
strongly pectinate scheme of taxa that form a stem lineage cul- 
minating in Hadrosauridae (see chapter 20). 

A special note should be made concerning Gasparinisaura, 
Zalmoxes, and Rhabdodon. The first has been described as a basal 
iguanodontian (Coria and Salgado 1996b; Salgado et al. 1997c), 
but further analysis has resulted in its placement among more 
basal euornithopods (chapter 18). G. cincosaltensis was included 
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in the matrix above; rerunning the data revealed a consistent 
topology in which Gasparinisaura is basal to Tenontosaurus. On 
the other hand, the position of Zalmoxes and Rhabodon in this 
chapter, as members of Iguanodontia, differs from that suggested 
by Weishampel et al. (2003), where together they are considered 
the sister taxon to Iguanodontia. 

The full data set was run with the characters unordered 
and unweighted, using the branch-and-bound option under 
PAUP*4.0b10 (Swofford 1999). The first run generated 315 equally 
parsimonious trees with a considerable degree of consensus, as 
revealed by the strict consensus and 50% majority rule consen- 
sus trees. The characters were reweighted using the maximum 
value of the rescaled consistency indexes in order to emphasize 
the characters that were providing the greatest parsimony signal 
and reduce the effect of those that generate analytic noise or 
(potentially) homoplasy. This second run generated 15 equally 
parsimonious trees with a similar topology. The strict consensus 
tree generated by this run is presented in figure 19.21) and is 
almost identical in its topology to the 50% majority rule con- 
sensus tree. Tree statistics: L= 78.7 steps (min 64.6, max 206.7), 
CI = 0.82, RI =0.90, RC = 0.74. These results highlight a lack of 
resolution involving Lurdusaurus and Equijubus in the middle 
of the tree, and a broader polytomy among Probactrosaurus, 
Jinzhousaurus, Nanyangosaurus, and Hadrosauridae. Reanalysis 
of these data proceeded via serial deletion of taxa. Several taxa 
(Muttaburrasaurus, Lurdusaurus, Equijubus, Nanyangosaurus, and 
Jinzhousaurus) were responsible for much of the instability, and 
it is not surprising that this is the case given the absence of data 
in all five taxa. These five taxa were deleted from the analysis 
and the data rerun. This produced two equally parsimonious 
trees that differed only in the positioning of Iguanodon ather- 
fieldensis and I. bernissartensis (either as serially derived on the 
tree or as sister taxa). Using the same procedure of reweighting 
and reanalysis generated a single most parsimonious tree (fig. 
19.22). Basic tree statistics: L= 72.1 steps (min 62.1, max 186.7); 
Cl =0.86; RI=0.92; RC=0.79. 

Tenontosaurus is consistently positioned as the most basal 
member of Iguanodontia confirming its placement by Forster 
(1990a) and Weishampel and Heinrich (1992). Tenontosaurus 
tilletti is a medium-sized (length approximately 7 m) ornitho- 
pod from the Aptian of the Cloverly Formation, Montana and 
Wyoming, United States. Originally described and classified as 
a member of Iguanodontidae (Ostrom 1970a), it has had a 
checkered systematic history. It was referred to Hypsilophodon- 
tidae by Dodson (1980) and Norman (1984a, 1990b, 1998) and 
considered to be a taxon that was anatomically convergent with 
later iguanodontids. Sereno (1984, 1986) placed it as the most 
basal member of Iguanodontia. The postcranial skeleton was 
described by Forster (1990a) and its systematic position was re- 
assessed, confirming the views of Sereno. More recent system- 
atic analyses on basal euornithopods (Weishampel and Heinrich 
1992; Coria and Salgado 1996b; Salgado et al. 1997c; Winkler 
et al. 1997b) further reinforced this view. 

Tenontosaurus tilletti and T. dossi (from the Aptian of Texas, 
southern United States, Winkler et al. 1997b), are well supported 
as sister taxa, based on an enlarged external naris, a dentary ra- 
mus with parallel dorsal and ventral margins, elevated caudal 
dorsal neural spines, and loss of a phalanx from digit III of the 
manus. T: dossi, although anatomically similar to T. tilletti, is 
unusual in retaining a more basal euornithopod feature by hav- 
ing at least one premaxillary tooth. 

Muttaburrsaurus langdoni, from the Aptian-Albian of Queens- 
land, Australia (Bartholomai and Molnar 1981), is the next most 
derived taxon in this analysis, but until its anatomy is better 
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FIGURE 19.21. Strict consensus tree from 15 equally parsimonious trees generated with character states unordered and of equal weight, followed by 
a rerun using the reweighting option in PAUP*4.0b10. 
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FIGURE 19.22. Single most parsimonious tree generated following deletion of five taxa. Character states were first run unordered and with equal 
weight; this generated two equally parsimonious trees. Reweighting and rerunning this analysis following deletion of five taxa generated the single 
most parsimonious tree shown here. 


known its position will remain a little uncertain; some aspects 
of its known cranial (form of maxillary tooth crowns) and post- 
cranial anatomy (laterally compressed and bladelike prepubic 
process, shallow extensor groove on the distal end of the femur) 
place it close to both Tenontosaurus and the next most derived 
taxon, Zalmoxes robustus. 

The next clade includes Zalmoxes robustus from the Maas- 
trichtian of Romania (Nopcsa 1902; Weishampel et al. 2003); 
this clade also includes Rhabdodon priscus from the Campanian 
of France (Matheron 1869) and Mochlodon suessi Seeley, 1881, 
from the Gosau Formation (Campanian) of Austria (Seeley 
1881). R. priscus is likely to be better known through the recent 
discovery of a partial, associated skeleton (Pincemaille 1997, 
2002); R. priscus differs notably from Z. robustus in possessing 
an ischium with an obturator process (the absence of an obtu- 
rator process is an autapomorphy of Z. robustus). The clade is 
recognized by the development of a bifurcated ventral process 
on the predentary, a thickened lateral flange on the dorsal mar- 
gin of the ilium, a rounded (rather than a flattened) cross sec- 
tion of the ischial shaft, and an arched (rather than straight) 
ischium. 

The next clade constitutes Dryomorpha and includes Dryo- 
saurus altus, D. lettowvorbecki from the Kimmeridgian of the 
western United States and Tanzania, southern Africa, Valdosaurus 
canaliculatus from the Barremian of Europe (Marsh 1878b; 
Pompeckj 1920; Galton 1975), and all more derived Iguanodon- 
tians (Sereno 1986). This clade is distinguished by the elonga- 
tion of the lateral process of the premaxilla so that it contacts the 
lacrimal-prefrontal, the development of a distinct primary ridge 
on the maxillary crowns, the enclosure of the paraquadrate fora- 
men between the quadratojugal and quadrate embayment, the 
development of a forwardly projecting acromial process on the 
scapula, an obturator process that is positioned near to the ace- 
tabular margin (rather than nearer midshaft), a booted distal 
tip to the ischium, and a distinctive extensor (cranial inter- 
condylar) groove on the distal end of the femur. Dryosaurids 
(Dryosaurus and Valdosaurus) are lightly built cursors that, in 
their body proportions and pubis structure, resemble the more 
traditional basal euornithopods such as Hypsilophodon (Galton 
1974a) to a greater extent than they do the larger and more ro- 
bust, but more basal, iguanodontians listed above. Dryosaurids 
exhibit unusually specialized and narrow feet, having lost the 
entirety of digit I, a feature that is associated with more derived 
iguanodontians. 

The clade that includes Camptosaurus dispar from the 
Kimmeridgian-Berriasian of North America (Marsh 1879c) and 
all more derived forms is well supported and has been named 
Ankylopollexia (Sereno 1986). These forms are unified by their 
possession of a specially modified manus and forelimb to ac- 
commodate a spinelike pollex ungual. These animals also have 
a more elongate preorbital region and a generally lower skull 
profile; the frontal participates less in the orbital margin than 
in dryomorphans; and camptosaurs show an autapomorphy in 
that the paraquadrate foramen has been completely occluded 
by quadratojugal—a feature that appears later in Hadrosauridae 
and some iguanodontians close to Hadrosauridae (Protohadros). 

The clade immediately in succession to Camptosaurus (Styra- 
costerna: Probactrosaurus and all more derived iguanodontians) 
is not supported in this analysis. Lurdusaurus arenatus, from the 
Aptian of Niger (Taquet and Russell 1999), is the next most de- 
rived iguanodontian and is based on a partial skeleton that has 
only been briefly described to date. Styracosterna (amended) com- 
prises Lurdusaurus and all more derived iguanodontians and is 
defined by the possession of hatchet-shaped sternal bones and 
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flattened manus unguals, as well as by the structure of the pelvis. 
Lurdusaurus is exceptionally robust and retains the conical pollex 
and well-ossified carpus, as well as the broad, short, spreading 
manus seen in Camptosaurus, rather than the narrower, bun- 
dled, and more elongate metacarpals II-IV seen in more derived 
taxa. 

Equijubus normani, known from an articulated skull and sev- 
eral cervical vertebrae, is from the Aptian-Albian of Gansu Prov- 
ince, China (You et al. 2003b). Preliminary analysis places this 
taxon between Lurdusaurus and Iguanodon within the revised 
styracosternan clade. 

The clade named both Iguanodontoidea and Hadrosauri- 
formes includes species of Iguanodon and all more derived iguano- 
dontians (Sereno 1986, and Sereno 1997, 1998, 1999a, respec- 
tively). It is diagnosed by the strong offset of the premaxilla 
margin relative to the maxilla, the peg-in-socket style articula- 
tion between the maxilla and the jugal, the development of a 
pronounced diastema between the beak and the mesial denti- 
tion, mammillations on the marginal denticles of the teeth, 
maxillary crowns that are narrower and more lanceolate than 
the dentary crowns, closely appressed metacarpals II-IV, a 
deep, laterally flattened prepubic process, a triangular fourth tro- 
chanter, a deep, almost tubular extensor (cranial intercondylar) 
groove, and blunt pedal ungual phalanges. Earlier assessment 
of the taxa that range between Camptosaurus and Hadrosauridae 
formed the basis for a singular taxonomic hierarchy named 
Iguanodontoidea by Sereno (1986), which was later amended 
to Hadrosauriformes without explanation (Sereno 1997, 1998, 
1999a). Further systematic analysis (Head 1998, 2001; Kirkland 
1998b; Xu et al. 2000b, and that conducted here) suggests that 
the original topology is not supported and that the clade names 
and their component taxa have to be revised. Retention of 
Iguanodontoidea in its amended form is preferred in order to 
minimize the confusion caused by the proliferation of clade 
names. 

It has been claimed that Ouranosaurus nigeriensis from the 
Aptian of Niger (Taquet 1975) is the sister taxon to Hadrosauridae 
(Sereno 1984, 1986, 1990a, 1997, 1998, 1999a), recognized hier- 
archically as Hadrosauroidea (Sereno 1986). This topology has 
been questioned on a number of occasions (Norman 1990b, 1998, 
2002; Head 1998, 2001; Kirkland 1998b; Xu et al. 2000b). The 
present analysis also places Ouranosaurus close to Iguanodon spp. 
on the iguanodontian stem lineage and basal to a number of 
more derived nonhadrosaurid iguanodontians (Probactrosaurus, 
Eolambia, Protohadros, Altirhinus). Characters such as the narrow- 
ing of the skull table, the reflection of the rim of the premaxilla, 
an enlarged diastema, elongation of the dorsal neural spines, and 
extreme dilation of the prepubic process are variously homo- 
plastic within Iguanodontia or autapomorphies of Ouranosaurus. 

Altirhinus kurzanovi, from the Barremian-Aptian of southern 
Mongolia (Norman 1998), and Eolambia caroljonesa from the 
Albian of Utah, western United States (Kirkland 1998b), form 
sister taxa in a small clade that is basal to the successively more 
derived Protohadros, Probactrosaurus, and Hadrosauridae. Altirhi- 
nus, although far from completely described, is known from sev- 
eral partial skeletons and skulls; Eolambia is also described on the 
basis of fragmentary dissociated remains. However this latter 
taxon may soon be known from additional material (Maxwell, 
pers. comm.), so the topology of this minor clade may well 
change. At present it is recognized by the suspected closure of the 
external antorbital fenestra, the more lateral and elevated posi- 
tion of the coronoid process, and tooth replacement patterns. 

Protohadros byrdi, from the Cenomanian of Texas, southern 
United States (Head 1998), is currently known only from a dis- 


articulated skull and is placed closer to Hadrosauridae, as pro- 
posed by Head (2001) on the basis of the closure of the para- 
quadrate foramen, the parallel-sided form of the grooves for re- 
placement teeth in the alveolar trough, and the broadening of 
the occlusal surface. Protohadros is itself a specialized taxon with 
an unusually enlarged and ventrally deflected muzzle. 

Probactrosaurus gobiensis, from the Barremian-Albian (Itter- 
beeck et al. 2001) of Inner Mongolia, China (Rozhdestvensky 
1966) appears in this analysis and that of Norman (2002) as the 
sister taxon to Hadrosauridae (fig. 19.22). Probactrosaurus shares 
this position in a polytomy with Jinzhousaurus yangi (Early Cre- 
taceous, Yixian Formation, Liaoning Province, China; Wang and 
Xu 2001a, 2001b), Nanyangosaurus zhugeii (Early Cretaceous, 
Sangping Formation, Henan Province, China, Xu et al. 2000b), 
and Hadrosauridae in the analysis undertaken in which all taxa 
are considered (fig. 19.21). At present any attempt to redefine a 
clade named Hadrosauroidea as a clade comprising Hadrosauri- 
dae and its basal sister taxon (previously Ouranosaurus + Hadro- 
sauridae) is being avoided given the present incomplete knowl- 
edge of various taxa close to this position on the cladogram. 

Additional taxa, such as Draconyx loureiroi, from the Tithonian 
of Portugal (Mateus and Antunes 2001), and Planicoxa venenica, 
from the Barremian-Aptian of Utah, western United States (Di- 
Croce and Carpenter 2001), were not included in this general re- 
view. Both are recently described fragmentary ornithopods that 
are nonhadrosaurid iguanodontian grade in morphology. 


Biogeography 


The earliest record of iguanodontians comprises indeterminate 
material (Callovosaurus leedsi) from the Callovian of England, 
while the earliest diagnosable form is Camptosaurus prestwichii 
from the early Kimmeridgian of England. Other remains in- 
clude isolated femora from the Kimmeridgian-Tithonian of 
Portugal (Galton 1980d); the well-preserved Camptosaurus dis- 
par from the Kimmeridgian of the United States; and Dryosaurus, 
known from the Kimmeridgian of North America and Africa. 
The latest-known taxon is Zalmoxes robustus from the Maas- 
trichtian of Europe. Given the basal position of Tenontosaurus 
(Aptian of the United States) within Iguanodontia, a substantial 
ghost lineage duration is implied at the origin of the clade. 
These animals had an African-European-North American 
distribution by the Upper Jurassic (Milner and Norman 1984). 
By the Early Cretaceous iguanodontians had achieved a virtu- 
ally cosmopolitan distribution, ranging across Euramerica, Asia, 
Africa, and Australia (with reports of potential nonhadrosaurid 
Cretaceous iguanodontians in South America [Coria 1999]). The 
early Late Cretaceous (Albian-Cenomanian) records a significant 
pan-Laurasian distribution of taxa (Head and Kobayashi 2001). 
The precise nature and timing of dispersal between Laurasian 
continental areas in mid-Cretaceous times cannot be accurately 
resolved. Modeling stratigraphic occurrence against area clado- 
grams and taxonomic cladograms in the Mesozoic reveals that a 
cladistic-vicariance signal is significant during the mid-Jurassic 
to mid-Cretaceous interval and underscores the importance of 
continental-level vicariance in response to continental fragmen- 
tation. However, the signal is weak during the Late Cretaceous 
and may well be overwhelmed by dispersal and regional extinc- 
tion (Upchurch et al. 2002). During the latter half of the Late 
Cretaceous nonhadrosaurid iguanodontians became restricted 
in their distribution, and were found only in Europe (the iso- 
lated tooth of Craspedodon lonzeensis may be tentatively assigned 
to Iguanodontia), where they are represented by unusually spe- 


cialized and potentially relict taxa such as Rhabdodon priscus, 
Mochlodon suessi, and Zalmoxes robustus. In all other Laurasian 
and Gondwanan faunas basal iguanodontians were succeeded 
by hadrosaurid iguanodontians. 


Paleobiology and Ecology 


Iguanodontians were primarily bipedal. The tail was long and 
muscular and counterbalanced the front of the animal (Alexan- 
der 1985) so that the center of gravity was close to the acetabu- 
lum. Positioning of the mass of the gut between the hindlimbs, 
which was made possible through the reorganization of the 
pelvic bones, also contributed significantly to the natural pos- 
ture of the animals (Norman and Weishampel 1991). The hind- 
limbs are large and powerfully built. The forelimbs are about half 
the length of the hindlimbs. Even though facultative bipedality 
may have been the norm among the majority of iguano- 
dontians, several anatomical features indicate that a quadrupedal 
posture could be maintained for significant periods at least in 
Iguanodon bernissartensis and Lurdusaurus arenatus, as well as in 
several other taxa. In these animals, the forelimb girdle is robust, 
and in the case of I. bernissartensis and less well-known forms 
such as I. fittoni (Norman 1987b), an irregular ossification is 
developed in the cartilaginous plate between the sternals and 
coracoids. The forelimb is also robust and elongate (70% of the 
hindlimb length in I. bernissartensis; Norman 1980). The massive, 
heavily fused, and ossified carpus of many ankylopollexians 
(Camptosaurus, Lurdusaurus, Iguanodon spp., Ouranosaurus, ?Al- 
tirhinus) suggests weight bearing in conjunction with quad- 
rupedality. The manual phalanges of digits II-[V terminate in 
flattened and blunt ungual hooves, and the digits of the manus 
were capable of hyperextension but not of opposition to form a 
grasping structure (Norman 1980). 

In addition to the specializations of manual digits II-IV for 
weight support, the remaining digits are specialized for grasp- 
ing and defense. Digit I may have been used as a stiletto-like, 
close-range weapon (or for breaking into seeds and fruits) and 
is preserved in Camptosaurus, Iguanodon spp., Ouranosaurus, 
Altirhinus, Eolambia, and Probactrosaurus. By contrast digit V 
was the only one capable of some degree of opposition and 
hence of prehension. 

The forelimbs of Camptosaurus and Lurdusaurus differ from 
those of Iguanodon and Ouranosaurus, Altirhinus, and Probactro- 
saurus principally in that their digits are shorter and divergent. 
The carpus is blocklike and well ossified, the metacarpals are 
short and the digits terminate in narrow, pointed unguals in 
Camptosaurus, whereas the unguals of Lurdusaurus are flatter 
and blunt. Once again, the manus is clearly capable of weight 
support. 

Juveniles of Iguanodon bernissartensis have forelimb propor- 
tions that differ from those of adults (60% of hindlimb length 
in juveniles versus 70% in adults). This relation contrasts with 
that in Camptosaurus dispar, in which forelimb proportions of 
juveniles are subequal to those in adults (Dodson 1980). Young 
individuals of I. bernissartensis may have been more thorough- 
going bipeds than adults; during ontogeny, disproportionate 
growth of the forelimb may have been associated with the sub- 
sequent tendency to adopt a quadrupedal gait while standing or 
during slow locomotion (Norman 1980). The pose of the manus 
of iguanodontians during locomotion has been the subject of 
study by Wright (1996), Wright et al. (1998), and Rasmussen 
(1998). These authors demonstrated that the construction of 
the carpus and lack of mobility of the radius and ulna combined 
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to restrict the ability to pronate the manus; as a result, the 
manus was placed on the ground in a digitigrade pose (Norman 
1980), but with the palms facing medially, rather than caudally 
as universally shown in reconstructions. This evidence is con- 
firmed by the pattern of forefoot impressions left as tracks 
(Wright 1996). 

Footprint data relevant to interpretations of iguanodontian 
locomotion are rare. A trackway from southern England may 
show marks of the forefeet, but the hindfoot prints are poor and 
do not allow a confident assignment of this trackway to [guano- 
don (Norman 1980). Several trackways that indicate large or- 
nithopods moving quadrupedally have been reported from the 
Lower Cretaceous of North America (Currie and Sarjeant 1979; 
Lockley 1991; Lockley and Hunt 1995a). 

Iguanodontians were probably low- to intermediate-grade 
subcursorial animals (Coombs 1978a), with an estimated maxi- 
mal running speed of 24 km/hr. They were incapable of quad- 
rupedal galloping, lacking as they do any ability to actively ex- 
tend the vertebral column in the vertical plane (especially given 
the presence of bundles of ossified epaxial tendons) or of per- 
mitting scapular rotation to extend the stride of the forelimb. 

Ossified tendons across the back formed tensile support for 
the vertebral column at the hips; these presumably allowed the 
reduction of epaxial musculature within the trunk and proxi- 
mal portion of the tail. The flexible attachment of these tendons 
to the neural spines by means of elastic ligaments provided a 
dynamic component to the system that accommodated vertical 
flexure of the vertebral column during normal terrestrial loco- 
motion (Norman 1986). Harmonic tuning of the oscillation of 
the vertebral column to limb-fall frequency may well have as- 
sisted in reducing energy consumption during sustained periods 
of locomotion (Norman 1980). 

The function of the extraordinary length of the neural spines 
in Ouranosaurus has been the source of some debate and has 
drawn inevitable comparison with more famous (or infamous) 
examples from the fossil record (e.g., Dimetrodon) with respect 
to the possibility that the high ridge formed down the back of 
this animal by such spines might have been involved in tem- 
perature regulation (Bramwell and Fellgett 1973; Haack 1986) or 
some other specific aspect of its biology (behavior: recognition, 
sexual signaling). There is no convincing evidence that the spines 
themselves were involved in thermoregulation in the manner 
suggested in sphenacodontine synapsids; this is primarily be- 
cause the surface of the spines themselves are thick, broad, and 
smooth rather than narrow and extensively punctured by foram- 
ina for an anastomosing network of blood vessels associated 
with the heat flux across the epidermis mediated by circulating 
blood. Whether the elevated spines provided a visual signaling 
structure that was of social significance is entirely conjectural 
and this genus is still too rare to offer any possibility of using 
population studies to offer data in support of such an interpre- 
tation. A recent suggestion, which has received little notice, also 
draws attention to the potential for high spines to be associated 
with thermal physiology (Bailey 1997). It has been observed that 
high neural spines in large mammals are sometimes associated 
with adipose pads or humps (notably in camelids and bovids) 
and that these can provide both a thermal shield in hot climates 
and a water and metabolite reserve in hot arid environments; 
this has been linked to the low paleolatitude of the localities 
from which Ouranosaurus has been recovered to date. Again it 
is safe to say that such arguments are highly speculative and do 
not correlate particularly well with other elements of the known 
fauna. The discovery of another singularly tall-spined and un- 
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related dinosaur, the theropod Spinosaurus from the Late Creta- 
ceous of Egypt, offers some support for this theory; however, 
telling against it is the fact that precisely contemporary species 
from the Gadoufaoua locality, such as Lurdusaurus arenatus, ex- 
hibit surprisingly short neural spines. 

Camptosaurus dispar is common at the Cleveland-Lloyd Quarry 
in Utah (Madsen, pers. comm.) and Como Bluff, Wyoming, 
United States (Gilmore 1909; Dodson et al. 1980b). Ouranosaurus 
nigeriensis has also been reported as abundant in Gadoufaoua, 
Niger. The discovery of abundant remains of species of Iguano- 
don in southern England, Bernissart (Belgium), Nehden (Federal 
Republic of Germany), eastern Spain, and Portugal (Lapparent 
and Zbyszewski 1957; Santafé-Llopis et al. 1979, 1982; Norman 
1980, 1986, 1987a, 1987b; Hélder and Norman 1986; Norman 
et al. 1987) provides a rare opportunity to analyze the mode of 
preservation of the species of this genus and to speculate on its 
population density during the Early Cretaceous. 

At least 38 individuals were collected at Bernissart, but these 
were not the victims of a single catastrophic event as has been 
frequently suggested. Rather, the carcasses were deposited in 
groups on at least three separate occasions (Norman 1986, 1987a). 
That the carcasses accumulated in the marshy environment in 
considerable numbers over a geologically short time does not 
necessarily warrant the conclusion that these animals lived in 
herds. In contrast, the large number of Iguanodon skeletons from 
the restricted Nehden locality may indicate gregarious behavior, 
since these carcasses are apparently associated with flash-flood 
conditions (Norman 1987a). 

The role of species of [guanodon in Early Cretaceous terrestrial 
communities was undoubtedly that of the dominant medium- 
to large-sized herbivore. [guanodon atherfieldensis and I. bernis- 
sartensis are consistently found with smaller and apparently 
less abundant ornithopod herbivores (Hypsilophodon foxii, Valdo- 
saurus canaliculatus), rare ankylosaurs (Polacanthus foxii), diplo- 
docoids, and exceedingly rare pachycephalosaurs (Yaverlandia 
bitholus). 

The success of iguanodontians as herbivores may well relate 
to the configuration of their skulls, more specifically the pleuro- 
kinetic hinge system that allowed these animals to rotate their 
upper jaws laterally when the lower jaws were fully adducted 
(Norman 1984b). In existence since the origin of basal euornitho- 
pods (Weishampel 1984c; Norman and Weishampel 1985), 
pleurokinesis represents a solution to the problem of combining 
bilateral occlusion with a transverse power upstroke. Moreover, 
such a system reduces torsional stresses during isognathous 
occlusion in skulls (such as those of iguanodontians) that lack 
a rigid secondary palate. 

The ability to produce a transverse power stroke and hence 
incorporate significant oral processing into the feeding reper- 
toire of iguanodontians was potentially important in view of the 
evolution of angiosperms in the Early Cretaceous. However, as 
was demonstrated by Weishampel and Jianu (2000) and Barrett 
and Willis (2001), there is no strong correlation between or- 
nithischian dinosaur and angiosperm diversification patterns 
that could support a theory of coevolutionary interaction; at 
best there might be some diffuse coevolutionary linkage, but 
this is unsubstantiated. With their herbaceous, ground-cover 
life habit, early angiosperms would have been easy targets for 
low-browsing iguanodontians (Wing and Tiffney 1987). In ad- 
dition, foliage from the still-dominant, slow-growing gymno- 
sperm was included, undoubtedly as iguanodontian foodstuffs. 
Although, toa certain degree, iguanodontians track angiosperm 
radiations, profound evolutionary responses to the reorganiza- 


tion of the terrestrial plant realm did not take place until the 
Late Cretaceous and probably involved a number of herbivorous 
groups, among them the hadrosaurid iguanodontians. 

One final observation relates to a general trend seen within 
mid-Cretaceous (Aptian-Cenomanian) iguanodontians; this is 
reflected in the varying degree to which the muzzle (keratinous 
beak-bearing portion of the snout) of these iguanodontians 
undergoes enlargement or some degree of distortion when com- 
pared with the skull form exhibited by Camptosaurus (fig. 19.1). 
Although Iguanodon shows some enlargement of the external 
naris and a degree of ventral deflection of the beak compared to 
Camptosaurus, it was not until several of the more recently de- 
scribed taxa came to light that the trend emerged. Norman (1998) 
first noted that the muzzle of Altirhinus is characterized by the 
strongly arched nasal bones, an enlargement of the external 
naris, a concomitant extension to the diastema, and a ventral 
deflection of the premaxillary beak; a parallel deflection of the 
rostral end of the lower jaw and a more scooplike procumbent 
predentary beak is an inevitable consequence of these changes. 
The partial skull of Muttaburrasaurus from the?Aptian of Queens- 
land, Australia (fig. 19.3), displays an elevated nasal region and 
likely indicates a generally similar morphology to Altirhinus. 
Modification of the muzzle is also seen in Protohadros, as shown 
by a pronounced deepening and deflection of the rostral por- 
tions of upper and lower jaws (fig. 19.3). The rostral end of the 
lower jaw of Eolambia is likewise deepened, and this may indicate 
a similar morphology to the muzzle in this genus as well. Alter- 


ation in the form of the muzzle is also seen in Ouranosaurus, 
in this instance through the development a lower, broader, and 
more genuinely ducklike bill, and is apparently twinned with the 
development of curious paired mounds on the roof of the snout 
created by discrete thickenings of the nasal bones (fig. 19.2). 
Why several lineages of derived iguanodontians underwent 
these changes to the morphology of the beak region of the skull 
is unclear, but it is possible that it correlates with changes in for- 
aging habits and iguanodontian physiology. Such changes may 
have a direct functional explanation: associated with a shift from 
midlevel browsing to ground-level feeding. It may echo larger- 
scale changes in plant abundance and diversity during the mid- 
Cretaceous (Wing and Tiffney 1987; Barrett and Willis 2001). 
Equally, the enlargement of the more dorsally positioned nasal 
passages is a direct correlate of the changes occurring around 
the beak, which may have a bearing on the physiology and 
behavioral repertoires of these animals (e.g., countercurrent 
exchangers, olfaction, vocalization). Whether these changes 
(feeding structures and nasal passage modifications) are linked 
biologically or whether one is driving the other is entirely un- 
certain at present. Despite the undoubtedly speculative nature 
of these comments, it should also be borne in mind that the 
most basal hadrosaurids (Telmatosaurus and Bactrosaurus) have 
comparatively unmodified muzzles, but, nevertheless, the more 
derived hadrosaurine and lambeosaurine hadrosaurids all con- 
sistently exhibit variations on the theme of the ventrally offset 
muzzle and enlargement or elaboration of the nasal passages. 
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More is known about hadrosaurids than about virtually any 
other group of dinosaurs. Remains are often abundant and range 
from fully articulated skeletons (sometimes complete with 
sclerotic rings, stapes, hyoids, and ossified tendons) to disartic- 
ulated and isolated material. In addition, remains of eggs, em- 
bryos, hatchlings (perinates), and juveniles, as well as footprints 
and trackways, skin impressions, and coprolites have provided 
investigators with glimpses of dinosaur biology that are not gen- 
erally afforded for other groups of dinosaurs. Hadrosaurids, the 
so-called duck-billed dinosaurs, were large (7-12 m long, aver- 
age adult body weight 3,000 kg) and had broad edentulous beaks, 
long, low skulls, and complex dentitions organized into dental 
batteries. Of this group, lambeosaurines exhibit radical modifi- 
cations and elaborations of the nasal cavity, which is moved 
from the front of the face to a supraorbital position. 

Hadrosaurids were the most diverse and abundant large 
vertebrates of Laurasia during the closing stages of the Late Cre- 
taceous (table 20.1). They were also the last major clade of 
ornithopods to evolve in the Mesozoic (as early as the Ceno- 
manian, based on Protohadros), and they show a number of 
remarkable anatomical characteristics in their dentition and 
facial skeleton, which have attracted considerable research at- 
tention relating particularly to feeding mechanisms and strate- 
gies and to social behavior. 

Studies of what were to be called hadrosaurids began with 
Joseph Leidy, first on poor material of Trachodon mirabilis and 
Thespesius occidentalis from Montana and South Dakota (Leidy 
1856) and shortly thereafter on considerably better material 
pertaining to Hadrosaurus foulkii from New Jersey (Leidy 1858). 
Through the rest of the nineteenth century, work by Cope and 
Marsh in both New Jersey and the Western Interior of the 
United States brought the study of hadrosaurids to what has been 
called the great North American dinosaur rush of the 1910s and 
1920s. During this time, scientists such as Lambe, Brown, Parks, 
the Sternberg family, and Gilmore increased our knowledge of 
North American hadrosaurids by virtually an order of magni- 
tude, including the recognition of flat-headed, solid-crested, and 
hollow-crested forms. The first important synthesis of hadro- 
saurid anatomy and phylogeny was that of Lull and Wright 
(1942). More recent studies of North American hadrosaurids in- 
clude Langston (1960a), Ostrom (1961b, 1964b), Dodson (1975), 
Hopson (1975b), Horner and Makela (1979), Weishampel (1981a, 
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1981b, 1983, 1984a), Horner (1983, 1988, 1992), Weishampel and 
Horner (1990), and Forster (1997). Although less diverse, Hadro- 
saurids from central and eastern Asia have been studied by 
Riabinin (1925, 1930b, 1939), Wiman (1929), Gilmore (1933a), 
Young (1958a), Rozhdestvensky (1968a), Maryanska and Osmol- 
ska (1981a, 1981b, 1984b), and Godefroit and colleagues (1998b, 
2001). In Europe, important hadrosaurid finds include indeter- 
minate hadrosaurids (Trachodon cantabrigiensis, Lydekker 1888a, 
Iguanodon hilli, Newton 1892) and Telmatosaurus transsylvanicus 
(Nopcsa 1900, 1903; Weishampel et al. 1993). Work by Casa- 
miquela (1964a), Brett-Surman (1979), Bonaparte et al. (1984), 
and Powell (1987b) detail the presence of hadrosaurids from 
South America. Finally, Case et al. (2000) have demonstrated 
the presence of hadrosaurids from the Antarctic Peninsula. 

In general, the most distinctive morphologic characters 
of hadrosaurids are concentrated in the skull, although phylo- 
genetic information from the postcranium is beginning to 
emerge. In addition, the postcranial skeleton provides a wealth 
of information about the functional morphology and paleo- 
ecology among hadrosaurid taxa. 


Definition and Diagnosis 


Hadrosauridae has been defined in a variety of ways since the 
group was formally recognized by Cope (1869a) in what is now 
known as a character-based definition, emphasizing the devel- 
opment of a dental battery. The recognition of hadrosaurid 
monophyly has followed, with some modification, Cope’s orig- 
inal schema. However, Weishampel et al. (1993) presented what 
amounts to the first formal node-based definition of Hadro- 
sauridae (slightly amended here): the clade consisting of the 
most recent common ancestor of Telmatosaurus and Parasauro- 
lophus plus all the descendants of this common ancestor. 
Under this definition, Hadrosauridae may be diagnosed on 
the following features: three or more replacement teeth per tooth 
family, distal extension of the dentary tooth row to terminate 
caudal to the apex of the coronoid process, caudalmost termina- 
tion of the dentary well behind the coronoid process, absence 
of the surangular foramen, absence of contact between the 
ectopterygoid and the jugal, absence of the supraorbital or 
its fusion to the orbit rim, elevation of the cervical zygapophyseal 


TABLE 20.1 


Hadrosauridae 


Occurrence 


Age 


Material 


Ornithopoda Marsh, 1881b 
Hadrosauridae Cope, 1869b 
Telmatosaurus Nopcsa, 1903 (= Limnosaurus 
Nopcsa, 1900; Hecatasaurus Brown, 1910) 
T. transsylvanicus (Nopcsa, 1900) 


(= Limnosaurus transsylvanicus Nopcsa, 1900) 


Bactrosaurus Gilmore, 1933a 
B. johnsoni Gilmore, 1933a 


Gilmoreosaurus Brett-Surman, 1979 
G. mongoliensis (Gilmore, 1933a) 
(= Mandschurosaurus mongoliensis Gilmore, 
1933a; may be synonymous with 
Bactrosaurus johnsoni) 
Tanius Wiman, 1929 
T. sinensis Wiman, 1929 (including 
T. chingkankouensis Young, 1958a) 


Claosaurus Matsh, 1890a 
C. agilis (Marsh, 1872c) (= Hadrosaurus agilis 
Marsh, 1872c) 


Secernosaurus Brett-Surman, 1979 
S. koerneri Brett-Surman, 1979 


Euhadrosauria Weishampel, Norman, et 
Grigorescu, 1993 
Hadrosaurinae Lambe, 1918b 
Anasazisaurus Hunt et Lucas, 1993a 
A. horneri Hunt et Lucas, 1993a 


Aralosaurus Rozhdestvensky, 1968a 
A. tuberiferus Rozhdestvensky, 1968a 


Brachylophosaurus Sternberg, 1953 
B. canadensis Sternberg, 1953 (including 
B. goodwini Horner, 1988) 


Edmontosaurus Lambe, 1920 (including 
Anatosaurus Lull et Wright, 1942, 
Anatotitan Brett-Surman, 1990 vide Chapman 
and Brett-Surman [1990]) 


Sanpetru Formation 
(Hunedoara), Romania 


Iren Dabasu Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 


Iren Dabasu Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 


Wangshi Group (Shandong), 
Tsagaan Svita 


(Heilongjiang), People’s 
Republic of China 


Niobrara Chalk (Kansas), 
United States 


Bajo Barreal Formation 
(Chubut), Argentina 


Lower Kirtland Formation 
(New Mexico), United 
States 


Beleuta Svita (Qyzylorda), 
Kazakhstan 


Oldman Formation, 
Dinosaur Park Formation 
(Alberta), Canada; Judith 
River Formation 
(Montana), United States 


late Maastrichtian 


Campanian 


Campanian 


?Coniacian- 
?Maastrichtian 


Coniacian- 


early Campanian 


Cenomanian- 


Coniacian 


late Campanian 


?Turonian- 
early Santonian 


late Campanian 


5-10 fragmentary skulls, 
some with associated 
postcrania, mixed age 
classes 


Disarticulated, associated 
skull and postcranial 
material pertaining to at 
least 12 individuals, 
juvenile to adult 


Isolated skull material, 
associated, disarticulated 
postcrania, at least 
8 individuals 


?3 disarticulated specimens, 
skull and postcranial 
material 


Single articulated 
postcranial skeleton with 
associated skull fragments 


Associated disarticulated 
postcrania, braincase 


Partial skull 


Nearly complete, articulated 
skull 


Complete skull and 
associated postcrania, 
partial associated 
postcrania, numerous 
complete and partial skulls, 
associated postcrania, 
bone bed 


(continued) 
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Occurrence Age Material 
E. regalis Lambe, 1917b (including Horseshoe Canyon early-late Approximately 7 fully 
Trachodon atavus Cope, 1871; Agathaumas Formation, St. Mary River Maastrichtian articulated skull and 
milo Cope, 1874) Formation, Scollard associated postcrania, 


E. annectens (Marsh, 1892b) (= Claosaurus 
annectens Marsh, 1892b, including 
Thespesius edmontonensis Gilmore, 1924c; 
Anatosaurus copei Lull et Wright, 1942; 
Trachodon longiceps Marsh, 1890a) 


E. saskatchewanensis (Sternberg, 1926b) 
(= Thespesius saskatchewanensis Sternberg, 
1926b) 

Gryposaurus Lambe, 1914a 

G. notabilis Lambe, 1914a 


G. incurvimanus (Parks, 1920a) Kritosaurus 


incurvimanus Parks, 1920a 
G. latidens Horner, 1992 


Hadrosaurus Leidy, 1858 
H. foulkii Leidy, 1858 (including 
Ornithotarsus immanis Cope, 1869c) 


Lophorhothon Langston, 1960 
L. atopus Langston, 1960 


Maiasaura Horner et Makela, 1979 
M. peeblesorum Horner et Makela, 1979 


Naashoibitosaurus Hunt et Lucas, 1993a 
N. ostromi Hunt et Lucas, 1993a 


Prosaurolophus Brown, 1916b 
P. maximus Brown, 1916a 


P. blackfeetensis Horner, 1992 


Formation (Alberta), 
Canada; Hell Creek 
Formation (Montana), 
Hell Creek Formation, 
Lance Formation (South 
Dakota), Hell Creek 
Formation (North Dakota), 
Lance Formation 
(Wyoming), Laramie 
Formation (Colorado), 
United States 

Scollard Formation 
(Alberta),Canada; Hell 
Creek Formation 
(Montana), Hell Creek 
Formation, Lance 
Formation (South Dakota), 
Lance Formation 
(Wyoming), Laramie 
Formation (Colorado), 
United States 

Frenchman Formation 
(Saskatchewan), Canada 


Dinosaur Park Formation 
(Alberta), Canada 


Dinosaur Park Formation 
(Alberta), Canada 

Lower Two Medicine 
Formation (Montana), 
United States 


Merchantville Formation, 
Woodbury Formation, 
Marshalltown Formation 
(New Jersey), United States 


Mooreville Chalk 
(Alabama), Black Creek 
Formation (North 
Carolina), United States 


Upper Two Medicine 
Formation (Montana), 
United States 


Lower Kirtland Formation 
(New Mexico), United 
States 


Dinosaur Park Formation 
(Alberta), Canada 


Upper Two Medicine 
Formation (Montana), 
United States 


5-7 articulated skulls, 
associated skull elements 


late Maastrichtian Atleast 5 articulated skulls 
and associated articulated 
postcranial skeletons, 
isolated skull material 

late Maastrichtian Complete skull, 3 or 4 partial 


skulls 


late Campanian Approximately 10 complete 
skulls, 12 fragmentary 
skulls, associated postcrania 

Single fully articulated skull 
and skeleton 


Several partial skulls and 


late Campanian 


?late Santonian- 


early Campanian postcranial skeletons 
Campanian Single articulated 
postcranial skeleton, teeth, 
isolated postcranial 
material 
Campanian Disarticulated skull and 


postcranial skeleton, 
isolated skeletal elements 


middle-late More than 200 specimens, 


Campanian including articulated skull 
and postcrania, embryo to 
adult 

late Campanian Partial skull 


late Campanian 20-25 individuals, including 
at least 7 articulated skulls 
and associated postcrania 

Disarticulated, associated 
skull and postcrania 
pertaining to at least 


4 individuals 


middle-late 
Campanian 


TABLE 20.1 (CONTINUED) 


Occurrence Age Material 
Saurolophus Brown, 1912 
S. osborni Brown, 1912 Horseshoe Canyon early Complete skull and skeleton, 
Formation (Alberta), Maastrichtian 2 complete skulls, 


S. angustirostris Rozhdestvensky, 1952 


Shantungosaurus Hu, 1973 
S. giganteus Hu, 1973 


Unnamed hadrosaurine (described as 
cf. Kritosaurus sp. by Horner 1992 ) 


Unnamed hadrosaurine (= “Kritosaurus” 
australis Bonaparte, Franchi, Powell, 
et Sepulveda, 1984) 

Unnamed hadrosaurine (described as 
“Hadrosaurus minor” by Colbert 1948b) 


Lambeosaurinae Parks, 1923 
Amurosaurus Bolotsky et Kurzanov, 1991 
A. riabinini Bolotsky et Kurzanov, 1991 


Barsboldia Maryanska et Osmolska, 1981b 
B. sicinskii Maryanska et Osmolska, 1981b 


Charonosaurus Godefroit, Zan, et Jin, 2000 
C. jiayinensis Godefroit, Zan, et Jin, 2000 


Corythosaurus Brown, 1914e (including 
Procheneosaurus Matthew, 1920 partim) 
C. casuarius Brown, 1914e (including 
C. excavatus Gilmore, 1923; C. intermedius 
Parks, 1923; Tetragonosaurus erectofrons 
Parks, 1931; C. bicristatus Parks, 1935; 
C. brevicristatus Parks, 1935; T. cranibrevis 
Sternberg, 1935) 
Hypacrosaurus Brown, 1913 
H. altispinus Brown, 1913 (including 
Cheneosaurus tolmanensis Lambe, 1917c) 


H. stebingeri Horner et Currie, 1994 


Jaxartosaurus Riabinin, 1939 
J. aralensis Riabinin, 1939 (including 
Procheneosaurus convincens Rozhdestvensky, 
1968a) 


Canada 

Nemegt Formation, White 
Beds of Hermiin Tsav 
(Omnégov’), Nemegt 
Svita (Bayankhongor), 
Mongolia 


Wangshi Group (Shandong), 
Shanyang Formation 
(Shaanxi), People’s 
Republic of China 

Lower Bearpaw Shale 
Formation (Montana), 
United States 

Los Alamitos Formation 
(Rio Negro), Argentina 


Navesink Formation (New 
Jersey), United States 


Tsagaan Svita 
(Yevreyskaya), Russia 


Nemegt Formation 
(Omnégov’), Mongolia 


Yuliangze Formation 
(Heilongjiang), People’s 
Republic of China 


Dinosaur Park Formation 
(Alberta), Canada 


Horseshoe Canyon 
Formation (Alberta), 
Canada 


Upper Two Medicine 
Formation (Montana), 
United States; Oldman 
Formation (Alberta), 
Canada 


Dabrazinskaya Svita 
(Ongtustik ?Qazaqstan), 
Kazakhstan 


?late Campanian 
or early 
Maastrichtian 


Campanian 


late Campanian 


late Campanian- 
early 
Maastrichtian 

late Campanian- 
early 
Maastrichtian 


late Maastrichtian 


?late Campanian 


or Maastrichtian 


Turonian 


middle-late 
Campanian 


early 
Maastrichtian 


middle-late 
Campanian 


?Turonian- 
Santonian 


disarticulated skull material 
At least 15 specimens, 

including articulated skull 

and postcranial skeleton 


At least 5 individuals, 
consisting of disarticulated 
skull and postcranial 
elements 

Nearly complete skull and 
postcranium 


Partial skulls with associated 
postcrania, approximately 
5 individuals 

Partial hindlimb, vertebrae, 
ribs 


Partial skull 


Sacrum, pelvis 


Partial skull and partial, 
fragmentary postcranial 
elements 


Approximately 10 
articulated skulls and 
associated postcrania, 
10-15 articulated skulls, 
isolated skull elements, 
juvenile to adult 


5-10 articulated skulls, some 
associated with postcrania, 
isolated skull elements, 
juvenile to adult 

1 articulated skull, 
associated postcrania, 
isolated skull elements, 
isolated postcranial 
elements, many individuals, 
embryo to adult 


Isolated skull roof and 
braincase 


(continued) 
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Lambeosaurus Parks, 1923 (including 
Procheneosaurus Matthew, 1920 partim; 
Didanodon Osborn, 1902) 

L. lambei Parks, 1923 (including 
Tetragonosaurus praeceps Parks, 1931; 
Corythosaurus frontalis Parks, 1935; 
L. clavinitialis Sternberg, 1935) 


L. magnicristatus Sterberg, 1935 


?L. laticaudus Morris, 1981 


Nipponosaurus Nagao, 1936 
N. sachalinensis Nagao, 1936 


Olorotitan Godefroit, Bolotsky, et Alifanov, 
2003 
O. arharensis Godefroit, Bolotsky, et 
Alifanov, 2003 
Parasaurolophus Parks, 1922 
P. walkeri Parks, 1922 


P. tubicen Wiman, 1931 


P.cyrtocristatus Ostrom, 1961b 


Tsintaosaurus Young, 1958a 
T. spinorhinus Young, 1958a (including 
Tanius laiyangensis Zhen, 1976) 


Unnamed lambeosaurine (Currie, pers. comm.) 


Dinosaur Park Formation 
(Alberta), Canada 


late Campanian 


Dinosaur Park Formation 
(Alberta), Canada 


late Campanian 


“El Gallo” formation (Baja 
California Norte), Mexico 


Campanian 


Ryugase Group Santonian-early 
(Sachalinskaya Oblast), Campanian 
Russia 

Tsagaan Svita Maastrichtian 


(Yevreyskaya) Russia 


Dinosaur Park Formation 
(Alberta), Canada; ?Hell 
Creek Formation 
(Montana), United States 

Lower Kirtland Formation 
(New Mexico), United 
States 


late Campanian 


late Campanian 


Fruitland Formation 
(New Mexico), Kaiparowits 
Formation (Utah), United 
States 


late Campanian 


Wangshi Group (Shandong), 
People’s Republic of China 


?Campanian 


Dinosaur Park Formation 
(Alberta), Canada 


late Campanian 


Approximately 7 articulated 
skulls with associated 
postcrania, ?10 articulated 
skulls, isolated skull 
elements, juvenile to adult 

2 complete skulls, 1 with 
associated, articulated 
postcrania 

Isolated skull and postcranial 
elements 


Partial skull and associated 
postcrania, juvenile 


Nearly complete skull and 
skeleton 


Complete skull and 
postcranial skeleton 


Disarticulated, associated 
skull and postcrania, 
pertaining to at least 
3 individuals 

Fragmentary skull, 
postcranial skeleton 


Isolated skull and 
postcranial elements from 
at least 5 individuals 

Skull 


Nomina dubia 


Material 


Arstanosaurus akkurganensis Suslov et Shilin, 1982 
Bactrosaurus prynadai Riabinin, 1939 
Cionodon arctatus Cope, 1874 

Cionodon kysylkumensis Riabinin, 1931b 
Cionodon stenopsis Cope, 1875 
Claorhynchus trihedrus Cope, 1892b 
Claosaurus affinis Wieland, 1903 
Diclonius calamarius Cope, 1876a 
Diclonius pentagonus Cope, 1876a 
Diclonius perangulatus Cope, 1876a 
Dysganus encaustus Cope, 1876a partim 
Hadrosaurus breviceps Marsh, 1889a 
Hadrosaurus cavatus Cope, 1871 
Hadrosaurus minor Marsh, 1870 
Hadrosaurus paucidens Marsh, 1889a 
Hypsibema crassicauda Cope, 1869a 
Iguanodon hilli Newton, 1892 
Jaxartosaurus fuyunensis Wu, 1984 
Kritosaurus navajovius Brown, 1910 


Caudal half of maxilla 
Maxilla, dentary, both with teeth 


Fragmentary maxilla, vertebrae, fragmentary postcranial elements 


Fragmentary dentary, vertebrae, tibia 
Fragmentary maxilla 

Fragmentary premaxillae, predentary 
Pedal phalanx (lost) 

Teeth 

Fragmentary dentary with teeth 
Teeth 

Single tooth and 5 tooth fragments 
Fragmentary dentary with teeth 
Caudal vertebrae 

Dorsal vertebrae 

Squamosal, maxilla 


Caudal vertebrae, fragmentary humerus, fragmentary tibia, metatarsal II 


Tooth 
Edentulous dentary 
Fragmentary skull, unprepared postcrania 


TABLE 20.1 (CONTINUED) 


Nomina dubia Material 
Mandschurosaurus laosensis Hoffet, 1943b Tlium 
Microhadrosaurus nanshiungensis Dong, 1979 Dentary with teeth 


Orthomerus dolloi Seeley, 1883 
Orthomerus weberi Riabinin, 1945 
Neosaurus missouriensis Gilmore et Stewart, 1945 
(Type of Parrosaurus Gilmore, 1945) 
Pteropelyx grallipes Cope, 1889a 
Sanpasaurus yaoi Young, 1946 partim 
Saurolophus kryschtofovici Riabinin, 1930b 
Thespesius occidentalis Leidy, 1856 
Trachodon altidens Lambe, 1902 
Trachodon amurensis Riabinin, 1925 
(Type of Mandschurosaurus Riabinin, 1930b) 
Trachodon cantabrigiensis Lydekker, 1888a 
Trachodon marginatus Lambe, 1902 
Trachodon mirabilis Leidy, 1856 
Trachodon selwyni Lambe, 1902 


Caudal vertebra, femur, tibia 
Fragmentary hindlimb elements 
Caudal vertebrae, fragmentary dentary and predentary 


Skeleton lacking skull 
Fragmentary postcranium 
Fragmentary ischium 

Caudal vertebrae, pedal phalanx 
Maxilla with teeth 

Fragmentary skull and postcrania 


Dentary tooth 

Postcranial material, tooth fragments 
Dentary tooth 

Dentary with teeth 


peduncles on neural arches to extend well above the level of 
the neural canal, long and dorsally arched postzygapophyses, 
a coracoid with a long cranioventral process that extends well 
below the glenoid, a dorsoventrally narrow proximal scapula 
with an acromion process that projects horizontally, a notched 
cranioventral corner, a reduced area for the coracoid articula- 
tion, and a deep intercondylar extensor groove on the femur, 
whose edges meet or nearly meet cranially to enclose the exten- 
sor tunnel. 


Anatomy 


Skull and Mandible 


Complete skulls are known for nearly all of the genera and 
species of hadrosaurids (figs. 20.1-20.7), and virtually every 
established hadrosaurid taxon is based on at least some cranial 
material (see Brown 1912, 1916a; Lambe 1914a, 1920; Parks 1922; 
Gilmore 1924c; Sternberg 1926b; Lull and Wright 1942; Young 
1958a; Ostrom 1961b; Heaton 1972; Maryanska and Osmolska 
1981a; and Horner 1983 for detailed descriptions of various in- 
dividual hadrosaurid taxa). In addition, information on cra- 
nial ontogeny is beginning to emerge from a number of studies 
(e.g., Dodson 1975; Horner and Makela 1979; Horner and 
Currie 1994). 

The traits best characterizing the hadrosaurid skull are the 
dental batteries, the alterations to the nasal cavity or arch, and 
the expanded rostrum or snout. The development of a complex 
dental battery results from the close packing of small teeth, with 
three to five replacement teeth per tooth position. These nar- 
row teeth normally bear a single median carina. Second, among 
many hadrosaurids, the facial skeleton is either modified to 
bear a solid crest or drastically reorganized to accommodate a 
hollow supracranial crest. The former occurs among many hadro- 
saurines and is formed by the nasals and sometimes the frontals 
as well. On these solid crests are often found what is known as a 
circumnarial depression, thought to accommodate a fleshy nar- 
ial diverticulum (Hopson 1975b). Hollow supracranial crests 
occur in all lambeosaurines, where they house a hypertrophied 


nasal cavity and are composed chiefly of the premaxillae and 
nasals with adjacent elements, frontal and prefrontal, serving 
as the base and lateral supports, respectively. Tsintaosaurus spin- 
orhinus presents a peculiar dorsally projecting crest (fig. 20.6A) 
that is made up entirely of the nasals (Young 1958a; Taquet 
1991). The reported narrow space within this crest may repre- 
sent a cul-de-sac from the more conventionally placed nasal 
cavity within the facial skeleton (Buffetaut and Tong 1995). Fi- 
nally, the rostrum of hadrosaurids is laterally expanded to vary- 
ing degrees and can reach to nearly the maximum width of the 
skull in Edmontosaurus, Brachylophosaurus, and Maiasaura. 

The skull of adult hadrosaurids is long and low, reminiscent 
of that in horses; most of the length of the skull is concentrated 
in the muzzle and cheek regions. In embryos, juveniles, and 
subadults, however, the skull is more boxlike, owing to its short 
muzzle. In dorsal view, the hadrosaurid skull is narrow, widest 
along the margin of the rostrum, the jugal arch, the upper tem- 
poral arch, and the jaw joint (fig. 20.5D). All hadrosaurids have 
a short, narrow braincase with an enlarged forebrain. 

The premaxillae are edentulous and flare to form a blunt 
spatulate beak, expanded broadly laterally in more derived 
hadrosaurines but only slightly in lambeosaurines and basal 
hadrosaurines. In most hadrosaurids, the oral margin of the 
premaxilla is rugose and slightly serrated where it was covered 
by a horny rhamphotheca in life (Cope 1883; Versluys 1923; 
Sternberg 1935; Morris 1970). It is coarsely denticulate only in 
the more primitive Telmatosaurus. In lambeosaurines and hadro- 
saurines, the premaxillary oral margin has a “double-layer” 
morphology consisting of a denticle-bearing external rim and 
an inner palatal rim set back slightly from the oral margin and 
separated from the former by a deep sulcus that bears vascular 
foramina. In the region of the external naris, single or paired 
openings traverse the body of the premaxilla from the circum- 
narial fossa to the oral cavity, and these are found in all hadro- 
saurids except lambeosaurines (figs. 20.2A, 20.5D). The body of 
the premaxilla sends off two processes (the caudodorsal process 
[pmx2] and caudolateral processes [pmx1]), which vary greatly 
in morphology between lambeosaurines and other hadrosaurids. 
In hadrosaurines, they form the rostral and ventral margins of 
both the external naris and the surrounding circumnarial fossa. 
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FIGURE 20.1. A, Right lateral view of the skull of Telmatosaurus transsylvanicus; B, lateral view of the right maxilla of Gilmoreosaurus mongoliensis; 
C, left lateral view of the skull of Tanius sinensis; D, lateral view of the left maxilla of Bactrosaurus johnsoni. Scale = 10 cm. (A after Weishampel and 


Jianu, submitted; C after Wiman 1929.) 


This circumnarial fossa is present only in hadrosaurines (see the 
“Systematics and Evolution” section below); it is shallow in 
Prosaurolophus, Gryposaurus, and Maiasaura, among others, but 
is deeply excavated and often invaginated in Edmontosaurus. 
The caudodorsal and caudolateral premaxillary processes accom- 
modate a direct narial passageway from the external naris to the 
choanae at the back of the secondary palate. The caudodorsal 
premaxillary process contacts the rostral process of the nasal 
somewhere above the external nares. 

In lambeosaurines, the circumnarial fossa (and hence the 
vestibule) is enclosed within the dorsal and lateral premaxillary 
processes (Hopson 1975a), such that the vestibule is internalized 
and shifted to a supraorbital position. These two premaxillary 
processes meet behind the modified “external naris” to elimi- 
nate the nasal from its margin. The caudodorsal and caudo- 
lateral premaxillary processes are extremely hypertrophied and 
greatly elongated caudally to reach above the orbit; the caudo- 
dorsal process makes up most of the hollow supraorbital crest 
(figs. 20.6B, 20.7). Primitively, the caudolateral premaxillary pro- 
cess is directed toward the orbit in all hadrosaurids and terminates 
on or near the upper part of the lacrimal (shrouding the deeper 
nasal-maxilla contact), but in lambeosaurines it reaches well 
above and back along the side of the hollow crest. In all lambeo- 
saurines, the caudolateral premaxillary process houses the first 
part of the vestibule of the nasal cavity, while the caudodorsal 
process houses the remainder as well as part of the lateral diver- 
ticulum. Only in lambeosaurines is there a long contact between 
the premaxilla and the entire medial border of the prefrontal, 
where these two bones make up the lateral wall and base of the 
crest. In some hadrosaurines there is minor contact between the 
premaxilla and prefrontal. 
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Because of their intimate connection with the nasal cavity, 
the nasals of hadrosaurids are highly variable in their size and 
shape. In nonlambeosaurine hadrosaurids, the nasal forms the 
dorsal margin of the external naris and continues caudally to 
contact the frontal dorsal to the orbit. In Gryposaurus, Aralo- 
saurus, Naashoibitosaurus, and Lophorhothon, the dorsal border 
of the nasal is arched upward above the external naris and in 
front of the orbit to form a laterally compressed “hump” or crest 
(fig. 20.2). The nasal crest in Prosaurolophus is similar but more 
caudally positioned over the front of the orbit. In Maiasaura and 
Brachylophosaurus, respectively, the caudal nasals form a trans- 
versely oriented crest located dorsal to the orbit or extending 
well behind the orbit (fig. 20.3). In Maiasaura, the frontal makes 
a significant contribution to the crest. In Saurolophus, the caudal 
portion of the nasals is elongated into a solid spikelike crest that 
projects caudodorsally from the skull roof. In all nonlambeo- 
saurine hadrosaurids, the solid crests are not involved with the 
narial passages and are solely ornamental in nature. 

In lambeosaurines, the nasal contributes in varying degrees 
to the lateral wall of the crest (figs. 20.6B, 20.7). In particular, the 
nasal contributes approximately to the same extent as the pre- 
maxilla in Corythosaurus casuarius and both Hypacrosaurus alti- 
spinus and H. stebingeri, forming the caudal half of the crescentic 
crest. However, in Lambeosaurus, the nasal contributes only a 
small, irregular portion of the caudal crest wall (Weishampel 
1981b). The extent of the nasal in Parasaurolophus is difficult to 
ascertain (e.g., Sullivan and Williamson 1999). In all cases, the 
nasal makes up some part of the lateral wall of the lateral diver- 
ticulum in adult lambeosaurines (juvenile and subadult lambeo- 
saurines lack lateral diverticulum, Weishampel [1981b]). The 
nasals form a large portion of the crest in Tsintaosaurus, which 
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FIGURE 20.2. A, Right lateral view of the skull of Gryposaurus notabilis; B, left lateral view of the skull of 
Aralosaurus tuberiferus. Scale = 10 cm. (After Rozhdestvensky 1968b.) 


extends dorsally or slightly forward from the rostral margin of the 
frontal (fig. 20.6A). However, poor preservation along the rostral 
portion of the crest makes the proportions between the pre- 
maxillary and nasal contributions impossible to confirm. A slight 
hollow space between the paired nasals is described by Young 
1958a, but this passage may not be an integral part of the nasal 
cavity as it is in lambeosaurines (Weishampel 1981b). Because of 
the hypertrophy of the nasal cavity, there is no nasal-lacrimal 
contact in lambeosaurines even in ovo (Horner and Currie 1994) 
due to the caudal displacement of the nasal by the caudolateral 
premaxillary process; in other hadrosaurids, the contact is found 
directly in front of the orbit as a butt or scarf joint. 

The lacrimal is a short subrectangular bone on the rostral 
margin of the orbit. It is wedge-shaped in lateral view due to the 
overlapping caudolateral premaxillary process and the dorsal 
margin of the jugal. The lacrimal transmits the lacrimal canal 
from the rostroventral margin of the orbit to the lower portion 
of its medial surface. In addition, it forms a strongly concave 
buttress with the jugal at the orbital margin. 

The prefrontal is found along the rostrodorsal portion of the 
orbital rim in all hadrosaurids. It is crescentic in lateral view and 


in lambeosaurines forms the lateral supports for the hollow crest. 
Coombs (1972) argued that the prefrontal originates either from 
the fusion of the supraorbitals with a greatly limited prefrontal 
or else as coalesced supraorbitals with no contribution by the 
prefrontal (which is itself lost). Work by Maryanska and Osmol- 
ska (1981a) and Horner (1983) indicates that the prefrontal is a 
coalescence of both supraorbitals and prefrontal. Additional 
supraorbitals fuse with the orbital margin of the frontal and 
sometimes with the postorbital. 

The maxilla is one of the largest bones of the skull. Its tri- 
angular outline derives from a broad base formed by the tooth 
row and an apex formed by its dorsal process. The tooth row is 
inset from the lateral margin of the maxilla. The row is either 
straight or slightly concave in the buccal direction. The maxilla 
forms a transversely convex and broad articular surface for re- 
ception of the undersurface of the body and lateral process of the 
premaxilla. In Edmontosaurus, Brachylophosaurus, Saurolophus, 
and Gryposaurus, the front of the rostral process of the maxilla 
makes a spheroid contact with the premaxillary body. Medial to 
this articulation is the median rostral process (Weishampel 
1984a; anterior maxillary process of Heaton [1972] and Horner 
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FIGURE 20.3. A, Left lateral view of the skull of Brachylophosaurus 
canadensis; B, palatal view of the skull of Brachylophosaurus 
canadensis; C, left lateral view of the skull of Maiasaura 
peeblesorum. Scale = 10 cm. (A, B after Heaton 1972; C after 
Horner 1983.) 


[1983, 1992]) that fits into a notch on the premaxilla of all non- 
lambeosaurine hadrosaurids (Horner 1992). It is sufficiently 
long that it can be seen through the external naris in Edmonto- 
saurus, Maiasaura, and Brachylophosaurus and represents the 
primitive condition for hadrosaurines. 

In lambeosaurines, the premaxillary contact surface rises 
more abruptly than in the aforementioned species. The rostro- 
medial maxillary process is lost in lambeosaurines, replaced by 
a medially oriented convex shelf that supports the broad pre- 
maxillary articulation. Finally, in Parasaurolophus, the lateral 
margin of the premaxillary contact surface is slightly excavated, 
much like that seen in Dryosaurus and Hypsilophodon. The dor- 
sal process of the maxilla is elevated and sharply peaked. 

The large, rostrally directed maxillary foramen opens onto 
the lateral side of the rostral maxilla in nonlambeosaurine 
hadrosaurids, immediately behind the external nares. In lambeo- 
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saurines, the maxillary foramen is reoriented to open dorsally 
onto the articular surface for the premaxilla. A broad, deep 
sulcus traverses the lateral premaxillary process, connecting the 
maxillary rami on the lateral side of the crest. Based on the po- 
sition of the maxillary foramen in hadrosaurs, it likely conveyed 
neurovasculature to the vestibule. The maxillary foramen is not 
homologous to the antorbital fenestra, as demonstrated by more 
primitive taxa such as [guanodon, which possesses both an ant- 
orbital fenestra (indented into the caudal maxillary body) and 
a rostrally placed maxillary foramen. 

The lateral surface of the maxilla is dominated by the articu- 
lar facet for the jugal in all hadrosaurids. Here the extensive, 
crescentic contact surface is highly rugose and striated to sup- 
port a strong union with the overlying jugal. This contrasts dis- 
tinctly with the primitive condition, where the jugal has a more 
restricted contact with a distinct jugular process on the maxilla 
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FIGURE 20.4. A, Left lateral view of the skull of Prosaurolophus maximus; B, right lateral view of the 
skull of Saurolophus angustirostris; C, left lateral view of the skull of Lophorhothon atopus. Scale = 10 cm. 
(A, original; B after Maryariska and OsmOlska 1981a; C after Langston 1960a.) 


(e.g., [guanodon, Ouranosaurus). Beneath the jugal articulation, 
there are as many as four large foramina presumed to conduct 
nerves and vasculature to the cheek region (viz. Lull and Wright 
[1942] and Galton [1973a] on hadrosaurid cheeks). Primitively, 
the lateral surface of the dorsal process of the maxilla forms 
the articulation for the lacrimal, whereas in lambeosaurines, the 
lacrimal fits into a small longitudinal groove below the dorsal 
edge of the process, giving the impression that it is lapped later- 
ally by the maxilla in articulated specimens. The medial surface 
of the maxilla is more or less flat, unlike the lateral surface, and 
features a series of neurovascular alveolar foramina (e.g., “spe- 
cial” foramina, Edmund [1957]) interconnected by a groove along 
the medial alveolar wall at the base of the tooth families. There 
is one foramen per tooth family. The caudal extremity of the 
maxilla consists of a prominent horizontal ectopterygoid shelf 
anda more dorsal ridge receiving the base of the palatine. Among 
lambeosaurines, the caudal half of the maxilla is truncated, 
giving the bone a disproportionately long forward section. The 


maxilla ends abruptly where it articulates in butt fashion with 
the pterygoid and ectopterygoid. The dorsal caudal process of 
the maxilla is found directly above the caudal terminus of the 
element; this process articulates with the ectopterygoid ramus 
of the pterygoid. 

In all hadrosaurids, the large jugal is thin, flat, and elongate 
and forms the ventral margin of the orbit and infratemporal fen- 
estra as well as the ventral half of the postorbital bar. Rostrally, 
the jugal is expanded dorsoventrally, forming an extensive ar- 
ticulation with the maxilla and the rostroventral margin of the 
orbit. In all lambeosaurines except Parasaurolophus, the rostral 
margin is broadly convex, whereas in the remaining hadro- 
saurids, it is distinctly angular and rostrally pointed, extending 
along the maxilla-lacrimal contact (figs. 20.6B, 20.7). This 
angular process is large, long, and symmetrically triangular in 
species of Maiasaura, Brachylophosaurus, and Telmatosaurus, but 
asymmetrical in Prosaurolophus, Saurolophus, and Edmontosaurus, 
(figs. 20.2-20.5). The jugal flange immediately ventral to the 
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FIGURE 20.5. A, Left lateral view of the skull of Edmontosaurus saskatchewanensis; B, occipital view of the 
skull of Edmontosaurus saskatchewanensis; C, right lateral view of the skull of Edmontosaurus regalis; D, dorsal 
view of the skull of Edmontosaurus annectens; E, left lateral view of the skull of Shantungosaurus giganteus. 


Scale = 10 cm. (After Hu 1973.) 


infratemporal fenestra is large in all hadrosaurids, but particu- 
larly accentuated in Brachylophosaurus, Maiasaura, Gryposaurus, 
and Parasaurolophus (possibly also in Aralosaurus). The caudal 
half of the jugal lies lateral to the adductor chamber and coro- 
noid process. The postorbital process of the jugal meets the 
caudal side of the jugular process of the postorbital along a 
flat, slightly laterally facing surface. This postorbital process is 
especially long in lambeosaurines. Medially, the caudal aspect 
of the jugal bears a shallow, angular facet for the reception of 
the quadratojugal. Immediately dorsal to the jugal-quadratojugal 
contact, the jugal laterally overlaps the quadrate to a small 
extent, eliminating the quadratojugal from the infratemporal 
fenestra. 

The quadratojugal is a small spacer between the jugal and 
quadrate. Like the jugal, it isa thin element located lateral to the 
adductor chamber. Roughly triangular, the quadratojugal has a 
thickened, broadly crescentic caudal margin (Horner 1992). The 
rostral process in all hadrosaurids is pointed, decidedly so in 
Maiasaura. 
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The postorbital defines the upper half of the caudal margin 
of the orbit, and consists of a central body from which extend 
prefrontal, jugal, and squamosal processes (the second and last 
contribute to the postorbital bar and upper temporal arch, re- 
spectively). In addition, the postorbital contacts the frontal 
rostrally, the parietal medially, and the laterosphenoid ven- 
trally. In Edmontosaurus and possibly Shantungosaurus giganteus, 
the body of the postorbital is enlarged and deeply excavated 
on its orbital surface (Ostrom 1961b). This modified postorbital 
flares laterally from the side of the orbit and greatly restricts the 
upper part of the infratemporal fenestra. The dorsal surface of the 
postorbital is sometimes penetrated by a number of foramina 
(Horner 1992; Head 1998). 

The squamosal makes up the caudal half of the upper tem- 
poral arch, forming an extensive scarf contact with the post- 
orbital. The squamosal also articulates medially with the parietal 
and supraoccipital, caudally with the exoccipital and opisthotic 
to form the paroccipital process, and ventrally with the dorsal 
head of the quadrate. This last-named joint is formed by a strong 


FIGURE 20.6. A, Right lateral view of the braincase and crest of Tsintaosaurus spinorhinus; B, left lateral view of the skull of 
Parasaurolophus walkeri; C, dorsal view of the skull roof of Jaxartosaurus aralensis. Scale = 10 cm. (A after Young 1958a; B after 


Weishampel 1981b; C after Rozhdestvensky 1968a.) 


ellipsoidal cotylus that is synovial in nature. The squamosal- 
quadrate joint is bounded in front and back by stout pre- and 
postquadratic processes. In caudal view, the squamosals are ex- 
tremely deep and well exposed, forming an elevated occipital 
crest. The squamosals contact one another along the dorsal 
midline in Maiasaura, Saurolophus, and all lambeosaurines; 
they nearly contact one another in all the remaining taxa except 
Telmatosaurus, in which the intervening parietal creates a sig- 
nificant separation between them. The internal surface of the 
squamosal acts as the attachment site for Mm. adductor man- 
dibulae externus superficialis et medialis. 

The quadrate is long and directed slightly laterally toward its 
lower end. It is extremely straight in lateral view in most hadro- 
saurines, but is often bowed rostrally in many lambeosaurines. 
Extending rostromedially from the shaft, the pterygoid ramus of 
the quadrate broadly contacts the reciprocal quadrate ramus 
of the pterygoid. The pterygoid ramus is buttressed along the 
caudal margin of the quadrate shaft and is broader among 
hadrosaurines than in lambeosaurines. M. adductor mandibu- 
lae caudalis takes its origin on the rostral surface of the quadrate 
between the pterygoid flange and the lateral wall. The dorsal 
quadrate head is hemispheric in lateral view and subtriangular 
in dorsal view; the apex of the triangle fits into the squamosal 
cotylus, while the base faces laterally. Extensive ridges and 
grooves on the rostral surface of the quadrate head opposite sim- 
ilar rugosities on the prequadratic process of the squamosal sug- 


gest the presence of strong capsular ligaments around the syn- 
ovial joint. Similar conditions are found between the caudal 
margin of the quadrate head and the postquadratic process. This 
caudal fibrous connection is marked by a protuberance on the 
rear surface of the dorsal quadrate head in virtually all hadro- 
saurids, but is less marked in lambeosaurines. Distally, the 
quadrate contacts the quadratojugal along an emarginated, 
beveled articulation. There is no paraquadrate foramen between 
the quadrate and quadratojugal, although a shallow embay- 
ment remains in the quadrate at this location. Immediately 
dorsal to the quadratojugal contact, the quadrate is overlapped 
to a small extent by the dorsocaudal extremity of the jugal. The 
mandibular condyle of the quadrate is formed chiefly by a large 
hemispheric lateral condyle and a much smaller, more proxi- 
mally placed medial condyle. Telmatosaurus retains a more prim- 
itive transversely expanded ventral quadrate condyle. 

The frontal is the largest element of the skull roof, extending 
broadly between the orbits and the nasal (rostrally) and parietal 
(caudally). It is rostrocaudally shorter in hadrosaurids with 
supracranial crests (i.e., lambeosaurines and the hadrosaurines 
Prosaurolophus, Saurolophus, Brachylophosaurus, and Maiasaura) 
than in flat-headed forms. In lambeosaurines (see fig. 20.6C), 
the rostrodorsal surface forms a broad, excavated, deeply stri- 
ated base for the crest, contacting the nasals rostrally and the 
caudolateral process of the premaxilla laterally (in adult Lambeo- 
saurus, only the latter forms the base of the crest). Only the 
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FIGURE 20.7. A, Left lateral view of the skull of Corythosaurus casuarius; B, right lateral view of the skull of 
Hypacrosaurus altispinus; C, right lateral view of the skull of Lambeosaurus lambei; D, left lateral view of the 
skull of Lambeosaurus magnicristatus. Scale = 10 cm. (After Weishampel 1981b.) 


caudalmost margin of the frontal can be seen in articulate 
lambeosaurine skulls. In hadrosaurines, the rostrodorsal sur- 
face of the frontal is broadly excavated for reception of the 
nasal and more lateral prefrontal. In some hadrosaurines, a 
small gap or opening is occasionally present on the midline be- 
tween the frontals and the nasals. Laterally, the frontal partici- 
pates to a variable degree in the dorsal orbital rim in many 
hadrosaurids, but in others such as Naashoibitosaurus, Saurolo- 
phus, “Kritosaurus” australis, and the lambeosaurines it is en- 
tirely excluded from the orbit by a prefrontal-postorbital con- 
tact (Horner 1992). The frontal forms a complex interdigitate 
joint with the postorbital from the dorsal rim of the orbit to the 
supratemporal fenestra (often obscured in adult lambeosaurines 
due to the development of the crest). In addition, the frontal 
articulates with the parietal along a nearly transverse inter- 
digitate joint, often accompanied by a median projection of the 
parietal into the interfrontal joint (the interparietal process of 
Lull and Wright [1942], see below). The paired frontals contact 
each other along a simple butt joint in juveniles, which later 
becomes complexly interdigitate in adults, especially near the 
parietal. The frontal exhibits an upward doming in adult lambeo- 
saurines, and sometimes in juvenile nonlambeosaurine hadro- 
saurids (e.g., Lophorhothon). The frontal also rises to help buttress 
the rear of the crest in lambeosaurines. Ventrally, the frontal 
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contacts the laterosphenoid and orbitosphenoid portions of 
the braincase. 

The parietal is interposed between the squamosals and fron- 
tals, and forms the medial wall of the supratemporal fenestrae. 
Although formed from right and left paired parietal elements, 
parietal fusion takes place well before the latest stages of 
embryogenesis. The midline of the parietal forms a sagittal crest 
in adults; this crest is only slightly developed in hatchlings and 
juveniles. The sagittal crest and the lateral wall of the parietal act 
as the attachment sites of Mm. adductor mandibulae externus 
profundus et pseudotemporalis. The sagittal crest is extremely 
abbreviated and strongly downwarped in lambeosaurines. In dor- 
sal view, the parietals have an hourglass shape. Rostrally, they 
contact the paired frontals along a coarsely interdigitate joint 
sometimes mediated along the midline by a short parietal process 
(the interparietal of Lull and Wright 1942, found in Jaxarto- 
saurus, Corythosaurus, Lambeosaurus, Hypacrosaurus, Tanius, Shan- 
tungosaurus, Tsintaosaurus, Edmontosaurus, and possibly Grypo- 
saurus). The short medial process of the postorbital forms a short, 
oblique interdigitate joint with the rostrolateral margin of the 
parietal. The ventral parietal margin articulates with the latero- 
sphenoid, prootic, opisthotic, supraoccipital, and exoccipital. 

Because it is not often prepared, the braincase in hadro- 
saurids is incompletely known. However, in all known cases, it is 


roughly quadrangular in lateral view, consisting of fused or well- 
sutured supraoccipital, exoccipitals, basioccipital in caudal view, 
and opisthotic, prootic, basisphenoid, parasphenoid, latero- 
sphenoid, orbitosphenoid, and presphenoid bones along the 
lateral wall. The rostrodorsal end of the laterosphenoid is trans- 
versely expanded and forms a synovial joint with a reciprocal 
excavation on the undersurface of the frontal and postorbital 
bones. However, this joint consists of an interdigitating suture 
in some hadrosaurids. Caudal to this contact, the latero- 
sphenoid forms the forward section of the lateral braincase wall. 
The basipterygoid processes project both ventrally and laterally 
from the base of the basisphenoid, between 35° and 55° in most 
hadrosaurids but as little as 15° to 30° in Edmontosaurus and 
Tanius. The basipterygoid process in Tsintaosaurus has a more 
depressed position relative to the base of the braincase and is 
shifted caudally about its long axis. The alar process on the lat- 
eral wall of the basisphenoid is found directly above the basip- 
terygoid process and between the ophthalmic and combined 
maxillary-mandibular branches of the trigeminal nerve. Here, 
the basisphenoid forms a slight caudal projection that is mod- 
erately concave and rostrolaterally facing. It is interpreted as the 
origin of M. protractor pterygoideus (Galton 1974a; Norman 
1984a; Weishampel 1984a). The lateral wall of the prootic and 
opisthotic bears a nearly horizontal and striated ridge that runs 
from the trigeminal foramen to the midsection of the par- 
occipital process. This ridge, the crista prootica, has been inter- 
preted as the origin of M. levator pterygoideus (Norman 1984b; 
Weishampel 1984a). The occipital condyle is formed chiefly of 
the basioccipital, with two large exoccipital contributions to 
the occipital condyle flanking it along its lateral and dorsal as- 
pect. The long, pendent paroccipital process is formed by the 
fused exoccipital and opisthotic and curves rostrally. The tip of 
the paroccipital process contributes the origin for M. depressor 
mandibulae. Finally, the supraoccipital is well excluded from 
the foramen magnum by the paired exoccipitals and is strongly 
inset and wedged between the overlying squamosals. 

The bony palate extends from the premaxilla to directly be- 
neath the orbits (fig. 20.3B). It consists of the vomers, palatines, 
pterygoids, and ectopterygoid bones and is vaulted moderately 
in hadrosaurines and highly so in lambeosaurines due to modi- 
fication of the nasal cavity. 

The paired vomers are poorly known but lie adjacent to the 
midline of the rostral part of the palate. Each flat, triangular 
element sends a thin process forward to fit between the paired 
premaxillae. The elevated caudal margin articulates with the 
palatine. 

The palatine is a trapezoidal element rigidly attached to the 
dorsal surface of the caudal process of the maxilla. From this 
position immediately caudal to the dorsal maxillary process, the 
palatine extends dorsally and slightly rostrally to articulate with 
the jugal. The caudodorsal palatine margin articulates with the 
pterygoid along a slightly movable joint (Weishampel 1984a), 
and the rostral tip of the palatine articulates with the vomer 
(Horner 1992). 

The pterygoid bears three rami that diverge both rostrally and 
caudally from a central plate. The palatine ramus projects for- 
ward and dorsally and forms a rostrodorsal articulation with the 
palatine along a linear tongue and groove joint. The ectoptery- 
goid ramus extends ventrally where it bluntly contacts the ec- 
topterygoid. Last, the quadrate ramus with its caudal alar and 
caudoventral projections creates an extensive scarf joint with 
the pterygoid flange of the quadrate. The central plate is but- 
tressed along a line from the palatine ramus to the caudoventral 
projection of the quadrate ramus that includes the medial wall 


of the pterygoid-basipterygoid joint. The central plate also con- 
tacts the maxilla along its rostrolateral surface immediately ven- 
tral to the base of the palatine-pterygoid joint. M. pterygoideus 
ventralis is thought to have its origin along the caudal aspect of 
the ectopterygoid ramus of the pterygoid. 

The ectopterygoid is a flat, strap-shaped bone closely ap- 
plied to the ectopterygoid shelf of the caudal process of the max- 
illa. It also fits into a fossa on the ectopterygoid ramus of the 
pterygoid. In hadrosaurids, the ectopterygoid loses its contact 
with the medial surface of the rostral jugal. The dorsal surface of 
the ectopterygoid is the site of attachment for M. pterygoideus 
dorsalis. 

The mandible of all hadrosaurids is both long and massive, 
forming at least two-thirds of the length of the lower jaw. The 
dentary amounts to more than 75% the total mandibular length 
in Edmontosaurus. In lambeosaurines, it is often strongly ven- 
trally deflected at its rostral margin. The dentary bears a con- 
spicuously high, laterally offset coronoid process that is well 
separated from the tooth row, which extends medial to and as 
far back as the caudal margin of the process. Distally the coro- 
noid process is greatly expanded rostrally. The coronoid process 
extends into the adductor chamber medial to the jugal. The 
dorsal and caudal surfaces of the coronoid process serve for the 
attachment of most of the adductor musculature (e.g., Mm. ad- 
ductor mandibulae externus, pseudopterygoideus). The lateral 
dentary surface is smooth and prominently convex along its 
length. There are several foramina for vessels and nerves to the 
face and buccal cavity along this surface. The medial aspect of 
the dentary is slightly convex and marked by a series of neuro- 
vascular foramina at the base of the mandibular alveoli. The 
mandibular symphysis is linear and slightly inclined to the long 
axis of the mandible; well-striated grooves attest to the presence 
of well-developed symphyseal ligaments. The caudal margin of 
the mandibular canal along the base of the medial dentary 
served as the insertion site for M. adductor mandibulae caudalis. 
The rostral region of the dentary is edentulous, shortest in 
lambeosaurines and basal hadrosaurids and longest in Edmonto- 
saurus, Shantungosaurus, Saurolophus, and Prosaurolophus. The 
mandibular dentition is emarginated from the lateral aspect 
of the dentary. 

The single, median predentary is fitted across the rostral 
mandibular symphysis; it is a flat, scoop-shaped element bear- 
ing two lateral processes that contact the lateral margins of the 
dentaries, a dorsal median process articulating with the dorsal 
margin of the mandibular symphysis, and a bilobate ventral 
median process that underlies the symphysis. The oral margin 
of the predentary bears broad, triangular denticles; below the 
denticles is a row of large vascular foramina and pits. In life, this 
surface was surrounded by a cornified rhamphotheca (Cope 
1883; Versluys 1923; Sternberg 1935; Morris 1970). The rostral 
margin of the predentary is nearly straight transversely in most 
hadrosaurids, but rounded in Saurolophus. 

The surangular is the second largest mandibular element. It 
completes the lateral wall of the mandibular fossa and, together 
with the more medial articular, forms the lateral portion of the 
mandibular glenoid and the upturned retroarticular process. 
The mandibular glenoid (jaw joint) is ovoid, shallowly concave 
in shape, and broader than the quadrate head it accommodates. 
The surangular articulates with the more ventral and larger lat- 
eral quadrate condyle. The lateral aspect of the retroarticular 
part of the surangular serves as the insertion for M. pterygoideus 
ventralis. There is no surangular foramen. The surangular forms 
only the caudalmost margin of the coronoid process and does 
not reach to its apex. 
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FIGURE 20.8. Portion of the mandibular dentition of Lambeosaurus 
lambei, lingual view. Scale = 5 cm. 


The articular is rectangular in medial view. A small portion 
of its medial wall articulates with the small dorsal (medial) 
condyle of the quadrate (Horner 1992). Caudal to this position, 
the medial wall forms the insertion surface for Mm. depressor 
mandibulae et pterygoideus dorsalis. 

The prearticular is a small wedge-shaped bone on the medial 
surface of the mandible. Here, it roofs the caudalmost aspect of 
the mandibular fossa. Likewise, the angular is a small element, 
found on the ventromedial margin of the mandible, but not ex- 
posed in lateral view. The long tapering angular probably served 
as the attachment site for M.mylohyoideus. 

Hadrosaurid functional and replacement teeth are organized 
into a dental battery made up of as many as 60 closely packed 
tooth families (fig. 20.8; Weishampel 1984a; Horner 1992). Each 
tooth family consists of from three to five successional teeth. 
Teeth in adjacent families interlock as they travel through the 
alveoli to their functional positions. In Telmatosaurus, at any 
given time there are one or two functioning teeth per family, 
while other hadrosaurids have at least two or three. All hadro- 
saurids have mesiodistally narrow maxillary teeth, while dentary 
teeth are similarly narrow in all reported hadrosaurids except 
Telmatosaurus, Claosaurus, and Gryposaurus latidens. Lambeo- 
saurines tend to have longer tooth crowns relative to width 
than do hadrosaurines. In comparisons between maxillary and 
dentary dentitions among species, maxillary teeth are slightly 
narrower mesiodistally than those in the dentary. As a conse- 
quence, there are a few more maxillary tooth positions than 
dentary positions in an individual. The number of tooth families 
increases during ontogeny, as does tooth size, but not in so pro- 
nounced a fashion as in other ornithopods. Lambeosaurines 
possess fewer tooth families per jaw than remaining hadro- 
saurids, most likely due to their smaller size, but overall, there 
is no difference in absolute tooth density between the groups. 
Tooth replacement is virtually continuous during life (but see 
Horner [1979]). Z-spacing is approximately 2.2, while W ranges 
from 6.0 to 8.0 (Weishampel 1984a). In all hadrosaurids, the 
tooth rows converge mesially and are usually buccally concave 
along their long axis. 

Crown morphology in hadrosaurids is strikingly different 
from that of other ornithopods. Taller than wide, the lanceolate 
crowns bear enamel only on a single side (buccal for maxillary 
teeth, lingual for dentary teeth). In the middle of this enameled 
face, there is a strong median carina. In Telmatosaurus and some 
teeth of Gryposaurus latidens, the carina on mesial dentary teeth 
is low and bisected by a shallow trough, producing in effect a 
double carina much like that of more primitive ornithopods 
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(Horner 1992; Weishampel et al. 1993). Marginal denticles are 
found in nearly all hadrosaurids, but these are strongly developed 
in Telmatosaurus, Claosaurus, Gryposaurus latidens, and lambeo- 
saurines. The near-cylindrical remainder of the tooth is formed 
of dentine. Dentary replacement teeth are narrower and slightly 
less linearly arranged in lambeosaurines than in other hadro- 
saurids. In lambeosaurines, the median carina is sometimes 
sinuous and the crown-root angle is greater than 145°, in con- 
trast to remaining hadrosaurids in which the median carina is 
linear or only slightly curved and the crown-root angle ranges 
from 120° to 140° (Sternberg 1936; Langston 1960a; Horner 1992). 
The rostral and caudalmost dentary teeth in lambeosaurines 
often bear one or two subsidiary ridges alongside the median 
carina. 

Wear is virtually continuous along the entire tooth row. The 
occlusal plane is slightly undulatory along its length, steepest 
mesially and distally and shallowest in the middle of the tooth 
row. It varies from 40° to 55° from the horizontal in virtually 
all hadrosaurids (Prosaurolophus has the steepest occlusal plane, 
commonly ranging to as much as 60°). Wear striations occur 
nearly transversely across the teeth (Weishampel 1983, 1984a). 
A slightly curved longitudinal groove can be observed in many 
mandibular dentitions. Given that tooth eruption is continu- 
ous through life, this groove was formed because the maxillary 
dentition did not completely plane off the mandibular denti- 
tion during the transverse power stroke (Weishampel 1984a). In 
transverse section, the occlusal surface of the maxillary tooth 
row is virtually planar, whereas the dentary tooth row is always 
concave; in both cases, the occlusal surface cuts across two or 
more functional teeth to produce such curvatures. 

Sclerotic rings are known in virtually all hadrosaurid taxa 
(Brown 1912; Edinger 1929; Russell 1940a; Ostrom 1961b). The 
hexagonal plates overlap in such a way as to create bilaterally 
symmetrical quadrants. There are 13 to 14 plates forming a sin- 
gle sclerotic ring. 

The stapes is known in Edmontosaurus regalis, Corythosaurus 
casuarius, Brachylophosaurus canadensis, and Maiasaura peeble- 
sorum (Versluys 1923; Colbert and Ostrom 1958; Forster, pers. 
obs.; Horner, pers. obs.). It consists of a thin, nearly cylindrical 
rod that extends from the large notch between the paroccipital 
process and the head of the quadrate (where the tympanum was 
presumably located) to the fenestra ovalis at the rostral border 
of the opisthotic. The footplate of the stapes is embedded in 
the fenestra ovalis (Colbert and Ostrom 1958). 

Of the hyoid elements, the first ceratobranchial is com- 
monly preserved (Ostrom 1961b). The rostral end is compressed, 
particularly where the paired elements oppose but do not artic- 
ulate with one another. Caudally, the ceratobranchial is cylin- 
drical, highly tapered, and slightly sinuous along its length. The 
ossified hyoid lies under the mandible, approximately beneath 
the level of the coronoid process and supported the hyoid mus- 
culature and, presumably, the vocal organ. 


Postcranial Skeleton 
AXIAL SKELETON 


In hadrosaurids, the number of presacral vertebrae varies from 
29 to 32 for the more primitive hadrosaurids and from 30 to 34 
for lambeosaurines. Of these, there are 12 or 13 cervicals in the 
former group and 13 to 15 in the latter. The natural curvature of 
the axial skeleton is well documented (Maryanska and Osmolska 
1983, 1984b). All but the most cranial dorsals and the caudals are 


held nearly horizontally. The cranial dorsals show pronounced 
ventriflexion, while the cervicals are strongly dorsiflexed. 

The hadrosaurid atlas is composed of four parts, which in- 
clude the odontoid, the hypocentrum, anda sagittally split neu- 
ral arch. Excellent descriptions of the atlas and axis can be found 
in the detailed studies of Gryposaurus incurvimanus by Parks 
(1920b) and by Lull and Wright (1942). The odontoid is a free el- 
ement in all hadrosaurids. The axis in juvenile through adult 
stages is composed of a centrum and a neural arch that fuses to 
the centrum when the animal is about half-grown. The neural 
spine is large with a dorsally arching, craniodorsal flange that 
extends rostrally, where it separates the two halves of the neural 
arch of the atlas. The caudal end of the axis centrum is deeply 
concave for the reception of the strongly convex cranial end 
of the centrum of the third cervical vertebra. The third and re- 
maining cervicals are all strongly opisthocoelous. The cranial 
cervical centra are dorsoventrally compressed, being wider than 
high. Near the caudal end of the series, the centra become 
deeper than wide and look more like the heart-shaped dorsal 
centra. The neural spines of all cervical vertebrae except for the 
atlas and axis are small. Cervical ribs exist on all cervicals except 
for the atlas and axis and are progressively larger caudally. 

Cervical vertebrae grade nearly imperceptibly into dorsals 
(Parks 1920b), but the latter bear distinct articular facets for 
the thoracic ribs on the neural arch, whereas the former do 
not. Dorsal vertebrae number from 16 to 20 and possess similar 
centra and neural arches. The centra increase in size caudally 
and retain a heart-shaped cranial and caudal outline regardless 
of ontogenetic stage. Except for the first dorsal, which is slightly 
opisthocoelous, each dorsal centrum is amphiplatyan. The 
neural spines increase in height caudally and are generally 
tallest in lambeosaurines. Whereas the diapophyses are oriented 
nearly horizontally in lambeosaurines, these processes are an- 
gled strongly upward in more primitive hadrosaurids. The 
breadth of the spine compared to its height primitively ranges 
from approximately 1:1 to 1:3.5; in lambeosaurines, it ranges 
from 1:2 to 1:4.5. 

The dorsal ribs of hadrosaurids are similar in form to those of 
other bipedal ornithischians. The shaft between the capitulum 
and tuberculum varies in length corresponding to the length 
of the diapophysis. Rib curvature is greater in the middle region 
of the thorax than in either the rostral or caudal region. Overall, 
however, the rib cage is generally compressed, particularly com- 
pared to tetrapods such as ceratopsians. The breadth of the cage 
in adult hadrosaurids is about 60 cm across the distal ends of the 
ribs at midthorax. There are 16 to 20 ribs, the longest underlying 
the midshafts of the scapulae, then rapidly decreasing in length 
caudally. The distal ends of all ribs possess slightly enlarged 
processes for reception of the costal cartilages. 

The sacrum in adult hadrosaurids consists of 9-12 vertebrae, 
including single dorsosacral and caudosacral contributions. 
Fusion of the sacrum varies both ontogenetically and between 
species. In Gryposaurus notabilis and Brachylophosaurus canaden- 
sis, there are nine fused sacrals, whereas Maiasaura peeblesorum 
has a sacrum formed of ten vertebrae, of which the first seven 
are fused and separated from a subsequent fusion of three. The 
seven cranial sacrals in both species possess parapophyses that 
extend laterally to support the iliac plate formed of the sacral 
ribs. This iliac plate, in turn, contacts the inner surface of the 
ilium; the first and second sacral ribs that contribute to the il- 
iac plate also extend ventrally to provide additional contact 
with the iliac peduncle of the pubis (Maryanska and Osmolska 
1983, 1984b). The eighth sacral, whether fused or unfused, pos- 


sesses massive transverse processes that extend laterally to meet 
the caudal blade of the ilium. The remaining sacrals possess 
transverse processes that abruptly decrease in lateral extent cau- 
dally. These processes seldom reach the ilium. In Saurolophus 
angustirostris, the ends of the transverse processes are placed on 
the dorsal margin of the ilium (Maryanska and Osmolska 
1984b). Neural spine height in the dorsals as well as the sacrals 
is species dependent. In Barsboldia sicinskii, the neural spines 
are especially long, robust, and club-shaped at their termini 
(Maryanska and Osmolska 1981b). Sacral centra vary in shape, 
being more or less heart-shaped cranially, dorsoventrally com- 
pressed centrally, and rounded caudally. In juveniles, the dorso- 
ventrally compressed sacrals possess an extremely large neural 
canal, which becomes increasingly smaller with age. Fusion of 
the sacrum begins at the junction of the second and third sacrals 
and progresses caudally. Fusion of the first and second sacrals 
apparently takes place at the same time as fusion of the sixth and 
seventh sacrals. The sacrum of many hadrosaurines has a me- 
dian ventral groove that extends axially along at least the caudal- 
most four or five centra. The lambeosaurine sacrum usually has 
a ventral ridge (see Young 1958a). Ventral sacral morphology has 
been used in hadrosaurid systematics by a number of authors 
(e.g., Brett-Surman 1977; Weishampel and Horner 1990); how- 
ever, variation in this general Bauplan is known. For example, 
some individuals lack either a ridge or a groove, whereas others 
possess both morphologies. Further research is needed before 
ventral sacral morphology can be determined to be phylo- 
genetically informative. 

The number of caudal vertebrae varies from SO to 70 and is 
most likely species dependent. The first true caudal vertebra, lo- 
cated caudal to the end of the iliac blade, varies in shape but is 
usually axially compressed and possesses the tallest neural spine 
in the entire vertebral column (fig. 20.9). The cranial or caudal 
outline of the centra of nearly all caudals is hexagonal, with hor- 
izontal dorsal and ventral surfaces and vertical sides. Transverse 
processes on the first 15 or so caudal centra extend laterally and 
gradually decrease in size distally. Fusion of the transverse pro- 
cesses and neural arches of the caudals normally occurs when 
the animals are approximately a third grown, although some 
mature adults retain unfused arches. Neural spines are tallest 
and most angled in Barsboldia and Hypacrosaurus and lowest and 
least angled in Edmontosaurus. Chevrons begin distal to the sec- 
ond or third caudal in lambeosaurines and distal to the fourth 
or fifth in remaining hadrosaurids. With the exception of the 
first five chevrons, which are directed caudally and often touch 
one another, the chevrons maintain a caudoventral angle equiv- 
alent to the caudodorsal angle of the neural spines. Chevrons 
are attached to nearly all of the caudal vertebrae except the prox- 
imal three or four and the distalmost centra, which bear little 
or no neural spine. Length and robustness of the chevrons vary 
considerably, some being longer and more slender than the 
neural spines and others equal in proportion; some chevrons are 
transversely flattened, while others are cylindrical. 

Ossified tendons in hadrosaurids are organized into a 
rhomboidal lattice along the lateral sides of the neural spines, 
extending from the mid-dorsal region caudally to about the 
midsection of the tail. Some rostral tendons lie on the dorsal rib 
shafts. A detailed description of this latticework is given by Parks 
(1920b). The tendons may have developed within the trans- 
versospinalis muscle group. The function of the tendons was 
most likely for additional support of the horizontal trunk and tail 
(Ostrom 1964b; Galton 1970b; Norman 1980). The tendons ap- 
parently reduced ventral displacement of the tail and restricted 
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FIGURE 20.9. Dorsal vertebrae from the caudal region: A, Hypacrosaurus 
altispinus; B, Gryposaurus notabilis. Scale = 10 cm. (A after Brown 1913; 
B after Lull and Wright 1942.) 


its dorsoventral oscillation while probably allowing some de- 
gree of lateral motion. 


APPENDICULAR SKELETON 


The hadrosaurid pectoral girdle and forelimb are distinctive 
among ornithopods yet vary among species (fig. 20.10). The 
hadrosaurid scapula has an elongate and greatly expanded dor- 
sal blade. A prominent acromion process extends laterally from 
near the coracoid articular surface and gradually decreases in 
size distally. The size of the scapular contribution to the cora- 
coid articulation is also restricted in hadrosaurids. There is no 
evidence from the ontogenetic growth series of either Maiasaura 
peeblesorum or Hypacrosaurus stebingeri that the acromion process 
increases in relative length during growth, as has been claimed 
(Brett-Surman 1977). Little ontogenetic change is known for the 
scapula. The scapular blade is nearly parallel sided in all hadro- 
saurids, ending in a squared, symmetrical distal end. Lambeo- 
saurines possess a narrow scapular neck in contrast to more 
primitive hadrosaurids, which have a thick scapular neck only 
slightly narrower than the dorsal border. 

The coracoid is small in comparison to those of other or- 
nithischians and, at least in some hadrosaurids, forms a smaller 
proportion of the glenoid fossa than does the scapula. The bone 
is expanded transversely for reception of the scapula and humerus 
and cranially becomes thin and bladelike. The coracoid process 
is elongate and extends below the glenoid to articulate with the 
dorsocaudal notch of the sternal. A large foramen perforates the 
coracoid in front of the glenoid. Sometimes the foramen opens 
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into the glenoid-scapular contact, but other times it does not, 
regardless of ontogenetic stage. The biceps tubercle is extremely 
large in hadrosaurids; it projects laterally, causing the rostral 
border of the element to be deeply notched in lateral view. The 
coracoids meet along their rostrodorsal surfaces. 

The sternals are paired elements that were joined to one 
another by cartilage at their proximomedial ends. The bones 
have platelike proximal ends and slender, rodlike shafts that ex- 
tend caudoventrally to the distal ends of the cranial ribs. There 
are, however, no indications of attachment to the ribs, by either 
ligaments or cartilage (Horner, pers. obs. from histological sec- 
tions). Surface striations, directed medially, occur along the 
proximomedial bladelike surface, indicating the presence of 
either ligamentous or cartilaginous connections. 

The humerus is distinctive in that it possesses a long robust 
deltopectoral crest that extends from the proximal end of the 
bone to about midshaft (fig. 20.11A, B). Primitively, the hadro- 
saurine humerus maintains a short deltopectoral crest that pro- 
jects little from the shaft as compared to the lambeosaurine 
humerus. The humeri of Telmatosaurus, Maiasaura, and Brachylo- 
phosaurus represent the extremes in this regard; the delto- 
pectoral crest is small, projecting only half again the diameter of 
the humeral shaft. The deltopectoral crest in lambeosaurines 
projects forward more than the diameter of the humeral shaft. 
Muscle scars are prominent along the lateral border of the 
deltopectoral crest and caudomedial surface of the upper shaft 
in all hadrosaurids. 

The ulna is straight in nearly all hadrosaurids and expanded 
only at the proximal end. The exception is Saurolophus angu- 
stirostris, whose robust ulna is distinctly bowed. A small olecra- 
non process extends a short distance above the proximal artic- 
ular surface. The proximal end is triangular in caudal view, 
possessing a grooved depression below the olecranon on the 
cranial face for the proximal end of the radius. Distally, the ulna 
is subtriangular in shape, with a flattened cranial face for the 
distal end of the radius. 

The radius is a straight, slender bone with only slightly ex- 
panded proximal and distal ends. The antebrachium, based on 
the length of the radius, is longer than the humerus in all lambeo- 
saurines, as well as in Brachylophosaurus and Maiasaura. 

The manus is composed of one or two small, subrounded 
carpals, the metacarpus, and four digits. Metacarpals II, II, and 
IV are straight, elongate bones with only slight proximal and dis- 
tal expansion. Metacarpals III and IV are nearly the same length, 
although metacarpal III is more massive. Metacarpal II is two- 
thirds the length of metacarpal III. Metacarpal V is usually about 
a third as long as metacarpal III. Metacarpal III is offset distally 
a short distance relative to the other metacarpals. Each digit has 
three phalanges. With the exception of the unguals, the pha- 
langes are elongate with expanded proximal ends. The penulti- 
mate phalanges of digits II and III are wedge-shaped, with short 
medial and long lateral sides. The unguals are small and dorso- 
ventrally flattened with arcuate cranial margins on digits II, III, 
and IV and ovoid on digit V. The unguals of digit II and IV are 
elongate, while that of digit III is broader and tends to resemble 
the ungual of pedal digit III of juvenile individuals. 

Lull and Wright (1942) noted that the forelimb is about half 
the length of the hindlimb. However, there are a few notable 
exceptions. Gryposaurus incurvimanus has forelimbs that are two- 
thirds the length of their respective hindlimbs. Limb propor- 
tions vary considerably and most likely reflect differences in 
locomotor kinematics and weight support. 

The pelvis and hindlimb are generally most robust in lambeo- 
saurines among hadrosaurids (fig. 20.12). The pelvic elements 
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FIGURE 20.10. A, Skull and postcranial skeleton of Gryposaurus incurvimanus; B, skull and postcranial skeleton of Corythosaurus casuarius. Scale = 1 m. 
(A after Norman 1985; B after Paul 1987b.) 


FIGURE 20.11. A, Left humerus of Parasaurolophus walkeri (caudolateral view); B, left humerus of 
Kritosaurus navajovius (caudolateral view); C, left femur of Edmontosaurus annectens in caudal view; 
D, right femur of Corythosaurus casuarius in lateral view. Scale = 25 cm. (After Brett-Surman 1989.) 


FIGURE 20.12. A, Right lateral view of the pelvis of Gryposaurus 
incurvimanus; B, right lateral view of the pelvis of Corythosaurus 
casuarius. Scale = 20 cm. (A after Parks 1920b; B after Brown 1916b.) 


are not fused, nor are the ilia coalesced with the sacral ribs. Ru- 
gose, pitted articular surfaces on the medial surface of the ilium 
and between the ilium, pubis, and ischium suggest that the 
unit was held together with masses of ligamentous connective 
tissue. 

The ilium possesses a long, ventrally deflected, laterally com- 
pressed cranial process, a large and pendent supraacetabular 
process (“antitrochanter”), a deep and long bladelike caudal 
process, a massive ischial peduncle, and a short and lightly con- 
structed pubic peduncle. The ilia are often depressed over the 
supraacetabular process and bear a dorsally arched preacetabu- 
lar process. Hadrosaurines usually have an ilium that is dorso- 
ventrally shallow, while lambeosaurines have a deeper ilium 
(fig. 20.12). In addition, lambeosaurines generally have a more 
massive supraacetabular process and sometimes a more strongly 
arched preacetabular process. 

The pubis is composed primarily of a cranial prepubic pro- 
cess, which extends forward beyond the preacetabular process 
of the ilium (fig. 20.12), and a short pubic shaft. The shape of 
the prepubic process varies both among taxa and apparently 
within taxa, although it may eventually prove to be useful in 
generic identification (Brett-Surman 1977; Horner 1979). In most 
taxa, the prepubic process has a long, slender proximal shaft 
that expands abruptly dorsoventrally to over twice its depth. In 
Parasaurolophus, the proximal shaft of the prepubic process ex- 
pands almost immediately into an extremely deep blade nearly 
three times the depth of the shaft. In some taxa, the expansion 
of the blade is nearly symmetrical (e.g., Lambeosaurus, some 
individuals of Corythosaurus). In most forms, however, the 
blade expansion occurs more proximally in the dorsal direction 
(e.g., Gryposaurus, Brachylophosaurus, Secernosaurus, Prosaurolo- 
phus). The pubic shaft is rounded and lightly constructed in 
all hadrosaurids and extends down the upper cranial face of the 
ischium a short distance past the obturator process. The obtu- 
rator foramen is completely open in all hadrosaurids, lacking 
the ventral process that arises from the pubic shaft in all other 
ornithopods. 
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The shaft of the ischium is long. The ischium of hadro- 
saurines is lightly constructed with a narrow shaft that is only 
slightly expanded distally (fig. 20.12A). The ischial shaft of 
lambeosaurines is more massive and possesses a dilated, footlike 
expansion distally (fig. 20.11B). In all species, this footlike struc- 
ture expands at a 90° angle ventrally from the main shaft, al- 
though the size of the expansion may vary among taxa. A foot- 
like distal expansion is also seen on the distal ischium of some 
nonhadrosaurid iguanodontians (e.g., [guanodon, Bactrosaurus). 
The iliac process is always larger than the pubic process. Located 
a short distance distal to the pubic process is the obturator pro- 
cess that often coalesces with the base of the pubic process to 
form a foramen in older individuals. 

The femur is a massive element (fig. 20.11C, D), straight in 
lateral view and slightly convex outwardly in cranial view. The 
femoral head is set off from the shaft by a distinct neck; the 
greater trochanter extends dorsally slightly above the head, 
usually forming the entire lateral border of the proximal femur. 
The lateral surface of the greater trochanter is flattened and stri- 
ated for muscle attachment. The cranial trochanter is found on 
the craniolateral surface of the femur, immediately beneath 
the greater trochanter. The cranial trochanter, separated from the 
greater trochanter by an open cleft, varies among hadrosaurid 
genera in size, position, and distance from the greater tro- 
chanter. Unnamed hadrosaurids from the late Santonian or 
early Campanian, for example, possess cranial trochanters that 
are large and separated from the greater trochanter by a wide, 
deep cleft (Kaye and Russell 1973). The fourth trochanter is 
found on the caudomedial surface of the femur at about mid- 
shaft level. It varies in overall shape (but tends to be triangular 
in outline) as well as in position. Some fourth trochanters are 
shaped like obtuse triangles, while others are more pendent 
and shaped like scalene triangles. Distally, the femoral condyles 
form broad contact surfaces for the proximal tibia. The condyles 
are slightly expanded cranially and greatly extended caudally. 
The larger medial condyle is flush with the inner surface of the 
femoral shaft, while the lateral condyle is smaller and separated 
from the outer surface of the shaft by a deep groove that was oc- 
cupied by the distal tendon of M. iliofibularis. The craniolateral 
surface of the lateral condyle possesses moderately deep longi- 
tudinal grooves that radiate distally. Cranially, where the lateral 
and medial condyles terminate, there is usually a contact be- 
tween the condyles and the formation of an enclosed channel 
for passage of the extensor tendons. Whether the two condyles 
meet and enclose a channel is variable in adults, but it is not age 
dependent. 

Numerous muscle scars are found on the femur, and their 
precise locations vary considerably ontogenetically and inter- 
specifically. A deep muscle scar is always located on the medial 
surface of the fourth trochanter and adjacent shaft (for M. caudo- 
femoralis brevis) and an equally roughened area on the lateral 
surface of the shaft either just above, adjacent to, or immedi- 
ately below the fourth trochanter (for M. femorotibialis exter- 
nus). Particularly in lambeosaurines, a roughened area can be 
found on the craniodistal portion of the shaft, just above the 
lateral condyle. Both proximal and distal articular surfaces of 
the femur accommodated large cartilaginous epiphyses (Lull and 
Wright 1942; Haines 1969). 

The tibia is a straight element, greatly expanded both proxi- 
mally and distally. The proximal end possesses two condyles, 
the medial being the larger. The cnemial crest extends cranio- 
laterally from the medial tibial condyle and wraps slightly later- 
ally around the proximal head of the fibula. Distally, the shaft 
twists outwardly at about 45° so that the distal end of the tibia as 


well as the pes are not oriented forward but rather are splayed to 
the side (viz. Mesaverde hadrosaurid trackways, Brown [1938]). 
The distal craniolateral face of the tibia is flattened, while the 
caudomedial face is convex in outline. The distal craniolateral 
face is divided into two segments by a moderately deep depres- 
sion that receives a small dorsal projection from the astragalus. 
The medial segment of the face receives the lower end of the 
fibula. Both the proximal and distal ends of the tibia, like those 
of the femur, accommodated large cartilaginous epiphyses. Deep 
scars are not common at any location on the tibia, although in 
some species small, shallow projections are located on the cra- 
nial side of the shaft, near the point of distal expansion. 

The shaft of the fibula is straight and slightly expanded both 
proximally and distally. The proximal expansion is crescentic, 
with its convex surface fitting into a concavity of the arcuate 
cnemial crest of the tibia. The shaft narrows gradually and evenly 
to the distal end. Distally, the shaft twists so that the distal ex- 
pansion is oriented at about 90° from the proximal expansion. 
The caudomedial surface of the fibula is flattened where it meets 
the distal face of the tibia. The craniolateral surface is convex 
and thickest laterally where it expands to meet the calcaneum. 

The pes is composed of three tarsals and three digits. The 
astragalus is crescentic and fits snugly over the distal part of the 
craniolateral aspect of the tibia. The astragalus never coalesces 
with the tibia; regardless, there is no indication of any move- 
ment between these two elements. The lateral side of the astra- 
galus has a slight concave indentation for the medial side of the 
calcaneum. A distal tarsal (originally described as an undesig- 
nated element of the manus, Horner [1979]) articulates with the 
top of metatarsal IV; it is circular in proximal view, flat on one 
side, and broadly elevated on the other. 

The calcaneum, in lateral view, has a convex distal surface 
and a wide W-shaped proximal surface. The proximal depres- 
sion on its caudal side fits into the inner craniolateral border of 
the tibia, while the cranial depression receives the distal end of 
the fibula. As noted by Lull and Wright (1942), the combined 
astragalus and calcaneum do not cover the entire width of the 
distal tibia. The lateral edge of the distal tibia forms a small por- 
tion of the metatarsal articulation. 

All hadrosaurids possess only metatarsals H, II, and IV (Clao- 
saurus does not have metatarsal I, Carpenter et al. [1995]). Meta- 
tarsal II is expanded craniocaudally at both proximal and distal 
ends. The distal third is deflected slightly medially. Metatarsal 
II is the largest and straightest. Its proximal end is subrounded 
with a notch on its medial side for the proximal end of meta- 
tarsal II. The distal end of metatarsal III is rectangular and 
slightly flattened craniocaudally. The distal third of metatarsal 
IV is deflected laterally. A substantial process projects from the 
proximal caudolateral surface of metatarsal IV. This process 
underlaps the lateral margin of metatarsal III and apparently as- 
sisted in aligning and locking metatarsal IV with metatarsal III. 
A similar but smaller process is seen in Iguanodon and other 
derived nonhadrosaurid iguanodontians. Divergence of both 
metatarsals II and IV away from metatarsal III prevented the toes 
from touching one another. 

The phalangeal formula is 0-3-4-5-0. The first phalanges 
on digits II, III, and IV and the second phalanx on digit IV are 
dorsoventrally compressed and longer than wide. The second, 
third, and fourth phalanges on digit II and the second and third 
phalanges on digit II] are dorsoventrally compressed and wider 
than long. All three ungual phalanges are spade-shaped. The 
plantar surfaces of the unguals are flattened except in Maiasaura 
and Brachylophosaurus, which have unguals with longitudinal 
plantar keels. 


Impressions of integument are found with a number of ar- 
ticulated specimens (e.g., Osborn 1912a; Brown 1916b; Parks 
1920b; Versluys 1923; Sternberg 1935; Lull and Wright 1942; 
Gilmore 1946a; Horner 1979, 1984c; B. G. Anderson et al. 1998, 
1999). Since there has been no comprehensive comparative study 
on the subject, it is unclear whether there are significant differ- 
ences in the integument of the two major groups of hadro- 
saurids, or in fact among genera or species within groups. All 
hadrosaurids were covered by a pavement of small and large 
polygonal to ovate tubercles in a variety of arrangements ex- 
tending over the entire body; large tubercles were distributed on 
a background of smaller tubercles (Osborn 1912a:figs. 7 and 8). 
Tubercles are coarser on the dorsal surface of the animal (B. G. 
Anderson et al. 1998a). Many species had a median integumen- 
tary fold or frill extending along the neck, back, and tail. Varia- 
tion in this frill is evident in Prosaurolophus maximus, Grypo- 
saurus incurvimanus, and an indeterminate hadrosaurid (Brown 
1916a; Parks 1920b; Lull and Wright 1942; Horner 1984c). In 
several “mummified” specimens, webbing is found around the 
central digits of the manus. Although often thought to reflect at 
least some aspect of aquatic locomotion, this webbing recently 
has been interpreted as postmortem distortion of a digital pad 
(Bakker 1986), much like the pedal pad indicated by footprint 
morphology (Langston 1960b). 


Systematics and Evolution 


Hadrosaurids are a diverse clade of derived iguanodontian or- 
nithopods whose monophyly has been long assumed based on 
a large number of unique features, including the formation 
of the dental battery, the loss of the carpus and first digit, and 
an increase in the number of sacral vertebrae to eight or more 
(e.g., Brown 1914e; Lambe 1918b; Parks 1923; Lull and Wright 
1942; Sternberg 1953, 1954; Ostrom 1961b; Rozhdestvensky 1966; 
Morris 1973b; Hopson 1975b; Taquet 1975; Brett-Surman 1979). 
Horner (1990), however, suggested a diphyletic origin for Hadro- 
sauridae, with lambeosaurines deriving from an Ouranosaurus- 
like iguanodontian and hadrosaurines from a more [guanodon-like 
iguanodontian. Despite some interesting character conflicts 
raised by Horner’s 1990 paper, all more recent cladistic analyses 
strongly support the monophyly of Hadrosauridae (e.g., Wei- 
shampel and Horner 1990; Weishampel et al. 1993; Forster 1997; 
this chapter). Horner (1992), in a reevaluation of hadrosaurid 
phylogeny, later presented characters to support the mono- 
phyly of the clade as well. 

From the time that Cope (1869a) recognized Hadrosauridae, 
it was considered a character-based taxon (diagnosed by the de- 
velopment of a dental battery), whose members traditionally 
have been divided into two clades: Hadrosaurinae or “flat-headed” 
hadrosaurids and Lambeosaurinae or “crested” hadrosaurids 
(e.g., Lull and Wright 1942). These basic divisions, which long 
predate the advent of cladistics, have been supported by re- 
cent analyses using phylogenetic systematics (e.g., Weishampel 
and Horner 1990; Weishampel et al. 1993; Forster 1997; Sereno 
1999a). Nevertheless, the hadrosaurid clade itself had never been 
cladistically defined as either a node-based or a stem-based clade 
until 1993 (Weishampel et al. 1993). In this work, not only were 
Lambeosaurinae and Hadrosaurinae defined and diagnosed, but 
a few taxa immediately outside these two clades, including Telma- 
tosaurus (Weishampel et al. 1993), Gilmoreosaurus (Weishampel 
and Horner 1990), and Tanius (Weishampel and Horner 1990), 
were also included as basal members of Hadrosauridae. Telmato- 
saurus, a Maastrichtian taxon from Romania, was originally 
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considered a hadrosaurid at the time of its description (Nopcsa 
1900; Weishampel et al. 1993) and it remains one of the best 
known forms of this group to have been discovered and de- 
scribed in the years before the Canadian dinosaur rush of the 
early decades of the twentieth century. Consequently, Wei- 
shampel et al. (1993) included Telmatosaurus in Hadrosauridae 
and presented what amounts to the first formal node-based def- 
inition of the clade, which we amend slightly here: Hadrosauri- 
dae is that clade of ornithopod dinosaurs consisting of the most 
recent common ancestor of Telmatosaurus and Parasaurolophus 
plus all the descendants of this common ancestor. Because the 
stability of this definition ultimately depends on the resolution 
of Telmatosaurus, Forster (1997) argued for a more restrictive, 
node-based definition of Hadrosauridae: Hadrosaurinae plus 
Lambeosaurinae and their most recent common ancestor. While 
this definition, because of its reliance on the monophyly of 
Hadrosaurinae and Lambeosaurinae, provides a more “conven- 
tional” membership for Hadrosauridae, it eliminates Telmato- 
saurus from inclusion in this clade. Clearly, these two hadro- 
saurid definitions differ in their membership, but they do not 
alter the phylogenetic relationships of the respective genera 
and/or species. Because it matters little where in the hierarchy of 
this clade of derived ornithopods we apply the name Hadro- 
sauridae as long as we have properly tested the relationships 
of the included taxa, we follow the node-based definition of 
Hadrosauridae outlined in Weishampel et al. (1993) for the sake 
of historical precedence and continuity with the first edition of 
this book. 

Nineteen ingroup taxa were scored for 105 cranial, dental, 
and postcranial characters in this analysis, including 16 hadro- 
saurids and 4 nonhadrosaurid iguanodontians. Character po- 
larity was determined by outgroup comparison using Iguanodon 
and Camptosaurus, and the tree was rooted on Iguanodon. The 
matrix was analyzed using the exhaustive search option in PAUP; 
characters were given equal weight and left unordered, and trees 
were optimized using delayed transformations. This analysis re- 
sulted in nine most parsimonious trees of 189 steps each (C.I. = 
0.640, R.I. = 0.741). Ambiguity in these trees resulted from un- 
certainties as to the placement of Naashoibitosaurus, “Kritosaurus” 
australis, and species of Hypacrosaurus. The strict consensus tree 
is shown in figure 20.13. 

Two new North American taxa recently described as hadro- 
saurids are included in this analysis. Kirkland (1998b) described 
Eolambia caroljonesa from the Albian-Cenomanian Cedar Moun- 
tain Formation of Utah. He hypothesized that Eolambia was a 
primitive lambeosaurine, based on the absence of a premaxil- 
lary foramen, an external naris surrounded by premaxillae, the 
development of a maxillary shelf, and tall caudal neural spines. 
Head (1998) described Protohadros byrdi, from the Cenomanian 
Woodbine Formation of Texas, which he hypothesized to be the 
sister taxon to Telmatosaurus plus all other hadrosaurids. Head 
used a character-based definition to move Hadrosauridae to his 
Protohadros node, diagnosing Hadrosauridae with the following 
four synapomorphies: elevation of the dorsal process of the 
maxilla, absence of the paraquadrate foramen, maxillary teeth 
being symmetrical around a large medial carina, and “miniatur- 
ization” of the maxillary teeth. Based solely on our taxon-based 
definition of Hadrosauridae, Protohadros is eliminated from this 
clade even in Head’s (1998, 2001) analysis, as well as that of Head 
and Kobayashi (2001). Our analysis shows that neither Eolambia 
nor Protohadros is a hadrosaurid, both lying outside the common 
ancestor of Telmatosaurus and remaining taxa, but that they 
retain the primitive state in a number of characters that are de- 
rived in Hadrosauridae. For example, among other things, Pro- 
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tohadros retains a surangular foramen, a jugal process on the 
maxilla, and only a slightly expanded coronoid process, while 
Eolambia retains seven sacral vertebrae, coarse denticles on den- 
tary teeth, and a weakly expanded coronoid process. 

Our analysis strongly supports the monophyly of Hadro- 
sauridae (fig. 20.13) with the following 11 unambiguous synapo- 
morphies: three or more replacement teeth per tooth family, 
distal extension of the dentary tooth row to terminate caudal 
to apex of the coronoid process, caudalmost termination of the 
dentary well behind the coronoid process, absence of the sur- 
angular foramen, absence of contact between the ectopterygoid 
and jugal, absence or fusion of the supraorbital to the orbit rim, 
elevation of the cervical zygapophyseal peduncles on neural 
arches to extend well above the level of the neural canal, long 
and dorsally arched postzygapophyses, a coracoid with a long 
cranioventral process that extends well below the glenoid, a 
dorsoventrally narrow proximal scapula with an acromion pro- 
cess that projects horizontally, a notched cranioventral corner 
and a reduced area for its articulation with the coracoid, and a 
deep intercondylar extensor groove on the femur, whose edges 
meet or nearly meet cranially to enclose the extensor tunnel. 

Telmatosaurus is placed as the basal hadrosaurid, the sister 
taxon to the Lambeosaurinae-Hadrosaurinae clade (Euhadro- 
sauria sensu Weishampeletal. [1993]). The latter is united by 14 un- 
ambiguous characters: a small and dorsoventrally narrow an- 
gular exposed only in medial view, absence of the coronoid bone, 
nearly all of the expanded apex of the coronoid process is 
formed by the dentary with the surangular reduced to thin 
sliver along the caudal margin (the latter also does not reach the 
distal end of the coronoid process), the premaxillary oral mar- 
gin has a “double-layer” morphology consisting of an denticle- 
bearing external layer and an internal palatal layer set back 
slightly from the oral margin and separated from the denticu- 
late layer by a deep sulcus-bearing vascular foramina, a deep 
and near vertical face formed by the squamosals is seen in cau- 
dal view, a triangular occiput is exposed in caudal view with the 
quadrates splayed distinctly laterally, an acute angle between 
the postorbital and jugular bars along the ventral margin of the 
infratemporal fenestra, eight or more sacral vertebrae, the car- 
pus is reduced to two small elements, the penultimate phalanges 
of digits 2 and 3 are wedge-shaped, a short pubic peduncle of 
the ilium with a restricted articular surface, a prominent dor- 
sally directed iliac peduncle on the pubis, a fully open pubic ob- 
turator foramen, an ilium that is distinctly depressed over the 
supraacetabular process and dorsally bowed over the base of the 
preacetabular process, and an absence of distal tarsals 2 and 3. 

In our analysis, Lambeosaurinae is united by four unambig- 
uous synapomorphies: the maxilla lacks a rostral process but de- 
velops a sloping rostrodorsal shelf that underlies the premaxilla, 
a groove on the caudolateral process of the premaxilla (pmx2) 
that communicates with the maxillary foramen on the maxilla- 
premaxilla contact surface and with the lateral fontanelle of the 
crest, a low maxillary apex (dorsal process of the maxilla that is 
gently rounded in lateral view), and a parietal crest that is less 
than half the length of the supratemporal fenestrae. 

The basal split among lambeosaurines is between Tsintao- 
saurus and the remaining taxa. Tsintaosaurus was originally de- 
scribed as a hadrosaurine by Young (1958a), but has since been 
allied with “saurolophs” (Hopson 1975b), been allied with lam- 
beosaurines (Brett-Surman 1979), and then excluded from the 
lambeosaurines (Weishampel 1981a). Weishampel and Horner 
(1990) considered Tsintaosaurus a chimera, based on a combina- 
tion of lambeosaurine and hadrosaurine materials, which has 
confounded attempts to properly classify this taxon. Further 
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complicating the situation is the status of the unusual “crest” 
that characterizes it. As indicated previously, Taquet (1991) sug- 
gested that the alleged hollow crest is not a crest at all, but rather 
the artificial result of the postdepositional upward deformation 
of the nasals. This was disputed by Buffetaut and Tong (1995), 
who observed that the rostral frontals and prefrontals of the two 
known specimens curve upward to buttress the base of the crest. 
Examination of these specimens confirms this observation, but 
the internal structure of this unusual crest remains unknown. 
Because of uncertainties in associations between postcrania and 
cranial remains, Tsintaosaurus was scored for only cranial char- 
acters in this analysis, the results of which place this enigmatic 
Chinese hadrosaurid at the base of Lambeosaurinae. 
Lambeosaurines above Tsintaosaurus (i.e., Parasaurolophus, 
Corythosaurus, Hypacrosaurus, and Lambeosaurus) are united by 
four additional unambiguous characters: elongate premaxillary 
processes (pmx1, pmx2), which join behind the external opening 
of narial passages to exclude nasals, completely enclose vestibule 
of the nasal cavity and come to lie in a supracranial position; 
caudally retracted nasals that lie over the braincase in adults re- 
sult in a convoluted and complex narial passage and hollow crest 
with an enlarged cavum nasi proprii; the parietal sagittal crest 
is strongly downwarped to below the level of the postorbital- 
squamosal bar; and the dorsal (caudal) and sacral neural spines 
elongate to more than three times the height of the centrum. 
Owing to the incompleteness of specimens of Tsintaosaurus, it is 
not known whether this taxon possesses any of these characters. 
However, it should be noted that the preserved portions of the 
premaxilla of Tsintaosaurus indicate that this taxon may share 
the inversion and retraction of the external naris proper with 


other lambeosaurines. As observed by Buffetaut and Tong (1995), 
the frontal and prefrontal brace the base of the crest in Tsintao- 
saurus as they do in other lambeosaurines. 

With the split between Parasaurolophus and the remaining 
lambeosaurines, Corythosaurus, Hypacrosaurus, and Lambeosaurus 
are united in an unresolved tritomy by five unambiguous synapo- 
morphies: the premaxilla and the nasal meet in a complex 
W-shaped interdigitating suture on the side of the hollow nasal 
crest (reversed in Lambeosaurus), the caudal lobe of the caudo- 
lateral (pmx2) process is higher than the rostral lobe on the 
hollow nasal crest (reversed in Corythosaurus), the hollow nasal 
crest is raised into a large vertical fan, the caudal margin of the 
hollow nasal crest is composed primarily of the nasal bone (this 
condition is reversed in Lambeosaurus), and the rostral jugal is 
truncated to a smoothly rounded margin. 

Hadrosaurines display a high degree of homoplasy, and res- 
olution within this clade is not particularly strong. Hadrosauri- 
nae itself is united by eight characters, only one of which is un- 
ambiguous: the presence of a caudal margin on the circumnarial 
fossa. Lophorhothon is placed as the sister taxon to all other 
hadrosaurines in our analysis. This latter clade is supported un- 
ambiguously by having an outer narial fossa demarcated from 
the circumnarial fossa by a strong ridge. This unnamed clade of 
non-Lophorhothon hadrosaurines consists of two subclades. The 
first, formed of Naashoibitosaurus, “Kritosaurus” australis, and 
Saurolophus, are united by having a jugal whose pointed rostral 
process is symmetrically triangular in shape (a feature also 
found in the lambeosaurine clade of Parasaurolophus + Hypacro- 
saurus + Corythosaurus + Lambeosaurus). Of these three taxa, Sauro- 
lophus and “K.” australis may be most closely related to each other, 
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but only weakly so (low zygapophyseal peduncles on the cervical 
vertebrae, also found in Gryposaurus and considered a reversal of 
the condition found basally among hadrosaurids). “K.” australis, 
from the Los Alamitos Formation of Argentina, was originally 
referred to Kritosaurus by Bonaparte et al. (1984) as Kritosaurus 
australis. We find no compelling characters, however, that place 
this taxon within Kritosaurus, otherwise known solely from 
North America. Recent discoveries of additional hadrosaurids 
in Argentina will likely reveal the systematic significance of 
“Kritosaurus” australis (Calvo, pers. comm.). 

The other major subclade of hadrosaurines, consisting of 
successively more exclusive relationships among Prosaurolophus, 
Gryposaurus, Edmontosaurus, Brachylophosaurus, and Maiasaura, 
is unambiguously united by having a premaxillary foramen ven- 
tral to the rostral margin of the external nares that opens onto 
the palate. With the divergence of Prosaurolophus, the remain- 
ing hadrosaurines are weakly united by having a premaxilla 
with a broadly arcuate oral margin that is abruptly constricted 
caudally (also found in Lambeosaurinae and the clade of Proto- 
hadros + Eolambia), a prefrontal that is broad rostrally with a 
square rostromedial corner (reversed in Brachylophosaurus), and 
the absence of upward doming of the frontals over the braincase 
in adults (also found in “K.” australis, both of which are consid- 
ered reversals of a basal hadrosaurid condition). The clade of 
Edmontosaurus, Brachylophosaurus, and Maiasaura is unambig- 
uously united by having a premaxillary bill that is greatly ex- 
panded transversely to a width subequal to the distance across 
the jugal arches. As for Edmontosaurus itself, we regard it as the 
senior synonym of Anatotitan because we can find no un- 
ambiguous characters to separate these two taxa. Skull shape dif- 
ferences used by Brett-Surman (1979) to distinguish between 
these taxa are likely due to dorsoventral crushing of the Anato- 
titan skull. Brachylophosaurus and Maiasaura are weakly united 
on the basis of several features, among them having a solid nasal 
crest that is not excavated by the circumnarial crest (a reversal of 
one of the basal features of Euhadrosauria), the absence of a re- 
flected rim around the oral margin of the premaxilla (see above), 
having a jugal with a rostral process that is symmetrically tri- 
angular in shape (see above), having cervical centra that are 
axially long (reversed from the basal hadrosaurid condition), 
and having a radius longer than the humerus (also found in the 
Parasaurolophus + Hypacrosaurus + Lambeosaurus + Corythosaurus 
clade). On the basis of this analysis, Prosaurolophus and Saurolo- 
phus do not form a monophyletic clade, as was previously as- 
serted (Weishampel et al. 1993). 

Several hadrosaurid species were not analyzed here. These 
include Claosaurus agilis, Bactrosaurus johnsoni, Tanius sinensis, 
Hadrosaurus foulkii, Anasazisaurus horneri, Secernosaurus koerneri, 
Kritosaurus navajovius, “Hadrosaurus” minor, Aralosaurus tuber- 
iferus, Shantungosaurus giganteus, Jaxartosaurus aralensis, and 
Barsboldia sicinskii. To the extent that they provide phylo- 
genetically significant information, we have tried to fit them 
onto the cladogram in a post hoc fashion. 

We included Nipponosaurus sachalinensis in our analyses. On 
the basis of these data, this Late Cretaceous hadrosaurid from 
Sachalinskaya, Russia, is placed as the sister taxon of Lambeo- 
saurinae + Hadrosaurinae (i.e., Euhadrosauria), directly above 
Telmatosaurus. This position is different from that advocated 
originally (as a member of Lambeosaurinae, Nagao [1936]) and 
should not be considered definitive; this taxon is presently un- 
der study and a more detailed evaluation of Nipponosaurus is 
forthcoming (Suzuki et al. 2004). 

Claosaurus agilis, from the Late Cretaceous of Kansas, United 
States (Carpenter et al. 1995) is based on an incompletely pre- 
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served skeleton recovered from the marine Niobrara Chalk. On 
the basis of its narrow, symmetrical maxillary teeth, it is a mem- 
ber of Hadrosauridae, but it also has only seven sacral vertebrae 
and wide and asymmetrical dentary teeth. Therefore, Claosaurus 
agilis is probably best placed near the base of Hadrosauridae. 

Bactrosaurus johnsoni, from the Late Cretaceous of Nei Mon- 
gol Zizhiqu, China, and Omnégov’, Mongolia (Weishampel and 
Horner 1986; Godefroit et al. 1998b; Tsogtbaatar, pers. comm.), 
is also a basal hadrosaurid having an unresolved position with 
Claosaurus, Telmatosaurus, and Euhadrosauria because it has a 
dental battery, but also possesses a coronoid bone (Tsogtbaatar, 
pers. comm.). Further study of the original material and newly 
discovered specimens, which include both an excellent skull and 
postcrania, should provide much better resolution of this taxon 
in the future. Here we also take note of Gilmoreosaurus mongo- 
liensis, which may turn out to bea synonym of Bactrosaurus john- 
soni. Whatever the case, it is also in need of additional study. 

The remainder of those poorly understood taxa under con- 
sideration are unresolved members of Euhadrosauria. Hadro- 
saurus foulkii, from the Late Cretaceous of the Eastern Seaboard 
of the United States, possesses a femur with a well-developed 
extensor tunnel. In addition, Lull and Wright (1942) suggested 
that the ischial shaft (only partially preserved) does not show 
any trend toward expansion. If this proves to be true, then an 
unexpanded distal ischium indicates that Hadrosaurus would 
have an unresolved basal relationship within Hadrosaurinae. 
Another taxon from the East Coast of the United States, 
“Hadrosaurus” minor (Colbert 1948a), clearly has an unresolved 
relationship within Hadrosaurinae because the distal ischium 
is unexpanded. 

Little can be said about the relationships of Kritosaurus nava- 
jovius and Anasazisaurus horneri, both from the Late Cretaceous 
of the southwestern United States. They are diagnostic at the 
species level, but are currently too incompletely known to allow 
placement within the context of euhadrosaurian phylogeny. 

Several Asian taxa are similarly difficult to place within Eu- 
hadrosauria. Tanius sinensis, from the Late Cretaceous of Shan- 
dong and Heilongjiang provinces of China (Wiman 1929; Young 
1958a), has tall neural spines and a robust, angular deltopectoral 
crest, suggesting a relationship with higher lambeosaurines. 
However, its frontal clearly did not form the base of a hollow 
crest. In addition, several features of the facial skeleton suggest 
a more basal position within Hadrosauridae. Aralosaurus tuber- 
iferus, from the Late Cretaceous of Shak-Shak, Kazakhstan (Rozh- 
destvensky 1968a), is a hadrosaurine based on a number of 
characters including a long, straight parietal crest, laterally 
placed maxillary foramen, and frontal participation in the or- 
bital margin. Although most of the snout is missing, the nasals 
are strongly upturned in front of the prefrontal, indicating that 
it may have possessed a rostrally placed nasal crest. More precise 
placement within Hadrosauridae is not possible. 

Shantungosaurus giganteus, from the Late Cretaceous of Shan- 
dong Province, China (Hu 1973), a Chinese taxon with adults of 
enormous body size, is also problematic, consisting of cranial 
and some postcranial materials whose associations and inter- 
pretations are poorly understood at present (Horner 1992). 

Jaxartosaurus aralensis, from the Late Cretaceous of Syderin- 
skaya Oblast, Kazakhstan (Riabinin 1939), consists of a skull roof 
and occiput that may pertain to Lambeosaurinae. Jaxartosaurus 
has slightly domed and shortened frontals. The frontal, pre- 
frontal, and lacrimal are partially excavated and grooved to form 
a platform for the nasals, as in other lambeosaurines. The frontal 
is eliminated from the orbital margin, and the parietal crest is 
extremely short. 


Barsboldia sicinskii, from the Upper Cretaceous Nemegt For- 
mation of Omnégov’, Mongolia, consists of a partial postcranial 
skeleton that was assigned to Lambeosaurinae by Maryanska 
and OsmoOlska (1981b). Barsboldia has an ilium with a large supra- 
acetabular process and sigmoidal dorsal margin and extremely 
tall, clublike neural spines on the sacrum and proximal caudal 
vertebrae. These characters suggest that Barsboldia may indeed 
pertain to Lambeosaurinae. 

Finally, Secernosaurus koerneri, from the Late Cretaceous of 
Chubut Province, Argentina (Brett Surman 1979), consists of a 
fragmentary postcranial skeleton. Secernosaurus can be referred 
to Hadrosauridae based on its horizontally oriented acromion 
process and large and pendent supraacetabular process on the 
ilium. However, it lacks appropriate features that would commit 
it toa higher level within the clade. Thus, like Bactrosaurus, Tanius, 
and Telmatosaurus, Secernosaurus is probably best depicted as hav- 
ing an unresolved relationship within Hadrosauridae. 


Paleoecology, Biogeography, and Paleobiology 


From the outset, the study of hadrosaurid paleoecology has been 
largely one of functional typology: hadrosaurids did (or did 
not) live in a particularly uniform way, eat the same food, and 
move around in the same manner. That this is not the case is 
clear from the variability of hadrosaurid skeletal elements and 
soft anatomy, biogeographic distribution, evolutionary patterns, 
and local environmental context, among other aspects of their 
biology. We outline here some of these distinctions in hadro- 
saurid paleoecology. 

The fossil record of North American hadrosaurids is extremely 
good. The vast majority of all taxa are known from essentially 
complete skulls, almost all taxa are known from a number of 
individuals (including both juveniles and adults), and 60%- 
70% have associated postcranial material, much of which is in 
the form of virtually complete postcranial skeletons (Sternberg 
1970; Dodson 1971). Major biases among hadrosaurids include 
preservation (or collection) of skulls without postcrania. Al- 
though preservation of solitary articulated specimens has been 
thought to be common, recent work on bone beds, many of 
them monospecific, is reversing the historical trend (Horner 
1984b; Hooker 1987; Varricchio and Horner 1993). Embryonic 
and juvenile hadrosaurid material, including both skulls and 
skeletons, is also becoming well known (e.g., Horner and Currie 
1994; Horner 1999). 

Hadrosaurids have had a nearly worldwide distribution: 
North America, central and eastern Asia, Europe, South Amer- 
ica, and the Antarctica Peninsula (Weishampel and Weishampel 
1983; Weishampel 1990b; Weishampel et al., this vol.). To 
date, no hadrosaurid material has been found in Africa, India, 
or Australia. The more extreme hadrosaurid locations include 
the North Slope of Alaska, United States, and the Yukon Terri- 
tory, Canada, where the animals lived as much as 70° to 85° N 
paleolatitude during the Maastrichtian (Rouse and Srivasatava 
1972; Russell 1984c; Brouwers et al. 1987; Davies 1987). The 
southern extreme is Vega Island, Antarctica, at approximately 
65° S paleolatitude (Case et al. 2000). 

Based solely on the geographic distribution of the two most 
proximal outgroups of, and the cladistically analyzed members 
within, Hadrosauridae, it is most parsimonious to hypothesize 
a North American origin for the clade. This assessment differs 
from that presented by Milner and Norman (1984), who hy- 
pothesize an Asian origin, and Brett-Surman (1979), who sug- 
gested that their area of origin cannot be determined. With a 


North American origin, the presence of Telmatosaurus in Eu- 
rope then requires a dispersal event there sometime in the mid- 
Cretaceous. Thereafter, the split between Hadrosaurinae and 
Lambeosaurinae probably took place within North America, also 
in the mid-Cretaceous. Two dispersal events in the history of 
Hadrosaurinae, one to Asia no later than the early Maastrichtian 
(Saurolophus angustirostris) and the other to South America no 
later than the late Campanian (“Kritosaurus” australis). All other 
diversification events within this clade took place in North 
America. Similarly, Lambeosaurinae has a North American ori- 
gin, with a dispersal event to Asia no later than the Campanian, 
as indicated by the presence of Tsintaosaurus there. Although 
these dispersal scenarios are suggested by our present phylo- 
genetic understanding, they may easily change as the phylogeny 
is amended with other materials. 

Much like those of other Late Cretaceous dinosaurs, hadro- 
saurid remains are found in diverse biotopes, including inter- 
montane, terrestrial foredeep, and marine basins. More specifi- 
cally, hadrosaurids are known from upper coastal plain deposits, 
lower coastal plain channels and overbank deposits, and delta 
plain sediments. Hadrosaurids are even known from a few, albeit 
rare, marine occurrences (Hadrosaurus foulkii, Claosaurus agilis; 
see Horner [1979] for other taxa known from marine localities). 

In Montana, United States, and Alberta, Canada, where a 
considerable amount of work has been accomplished in the col- 
lection of Campanian-age hadrosaurid specimens, there is some 
habitat differentiation among hadrosaurid species (Russell 1967; 
Dodson 1971; Horner 1983; Horner et al. 2001; see also Lucas 
{1981] and Lehman [1987] on similar habitat partitioning in the 
southwestern United States). For instance, hadrosaurines such 
as Gryposaurus incurvimanus (as well as the pachycephalosaur 
Stegoceras validum) are found in fluvial and associated environ- 
ments represented by the Judith River Formation during the 
transgressive phases of the Bearpaw Sea. The same is said to be 
true of Hypacrosaurus stebingeri, which is known from the Bear- 
paw transgression at the top of the Two Medicine Formation. In 
contrast, Brachylophosaurus canadensis (and the ceratopsid Ava- 
ceratops lammersi) is known from regressive units near the bot- 
tom of the Judith River Formation or near the distal components 
of the clastic wedge in near-coastal environment deposits. A 
similar situation apparently occurred among the Maastrichtian 
faunas of North America, where the hadrosaurine Edmonto- 
saurus regalis is found in near-marine environments, and the 
Saurolophus osborni and the lambeosaurine Hypacrosaurus alti- 
spinus are found in marginally more continental lowlands (Rus- 
sell and Chamney 1967). Other species, such as the hadrosaurine 
Maiasaura peeblesorum, were apparently endemic to upper coastal 
plain environments (regressive sediments) during the Campan- 
ian (Horner 1983). To date, upper coastal plain hadrosaurines 
have not yet been found or recognized from Maastrichtian-age 
sediments of North America. 

The coastal plain distribution of many hadrosaurine and 
lambeosaurine taxa is odd in that eggs and young individuals 
are absent or extremely rare for these same marginal and lower 
coastal plain habitats. Eggs and young of species living in up- 
per coastal plain environments are common, making up as much 
as 80% or more of total recovered specimens (Horner 1984a, 1987). 
Matthew (1915a) was the first to suggest that the absence of 
young and eggs from lower coastal plain environments reflected 
an isolated habitat for the young and for egg laying. He also 
believed that hadrosaurids (and ceratopsians) originated in up- 
land habitats and that they migrated upland to their ancestral 
habitat to nest. The young then remained for a time after hatch- 
ing before returning to the lowlands. Although there have been 
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numerous discoveries of hadrosaurid eggs, nests, and young 
since Matthew published these opinions, little evidence from 
these findings has been brought to bear on Matthew’s con- 
tention. Only relatively recently have counterinterpretations 
been proposed. Carpenter (1982b) suggested that the environ- 
mental distribution of eggs reflects not preferred laying regions 
but rather local soil conditions in lowland environments. Here, 
the substrate would have been too acidic for preservation of 
calcareous eggs and young skeletons had they been there in the 
first place. More recent discoveries of eggs, embryos, and juve- 
nile hadrosaurid remains from the Judith River Formation of 
Montana (Clouse and Horner 1993; Horner 1999) contradicts 
the hypothesis that nesting was restricted to upland enironments 
and the hypothesis that lowland nesting horizons are not pre- 
served due to geochemical dissolution of the evidence. 

Hadrosaurids ranged in size from less than 1 kg at hatching 
to 2,000 to 4,000 kg in adulthood (estimates from hatchling 
Maiasaura peeblesorum, Hypacrosaurus stebingeri, and an unnamed 
?hadrosaurine [Barsbold and Perle 1983]; adult weight estimates 
from Hypacrosaurus altispinus and Edmontosaurus regalis [Ander- 
son et al. 1985]). The largest hadrosaurids (e.g., Shantungosaurus 
giganteus) may have weighed as much as 16,000 kg, but these 
animals were rare and old. 

Based on recent osteohistological studies (Horner et al. 2000, 
2001), it is evident that hadrosaurids experienced growth rates 
commensurate with living endotherms (see Padian and Horner, 
this vol.). Maiasaura peeblesorum apparently grew from its less 
than 1 kg hatchling size (0.5 m in length) to about 2,000 kg (7 m) 
in 8 to 10 years (Horner et al. 2000). 

Given the growth rates and adult size and abundance of 
hadrosaurids during the Late Cretaceous, it is not surprising 
that these animals were the dominant terrestrial herbivores of 
their times. Hadrosaurids were clearly active foragers on ground 
cover and low arboreal foliage from conifers and deciduous trees 
and shrubs. Browsing was concentrated within the first 2m above 
the ground, but the animals were capable of reaching possibly 
as high as 4 m to obtain high-placed foliage or fructifications 
(Weishampel 1984c). 

The landscape in which hadrosaurids foraged consisted of 
rich and diverse forests. Mega- and palynofloras indicate that 
gymnosperms were still dominant in the Late Cretaceous, with 
platanoid and magnoliid angiosperms making up the greater 
part of the remainder of the plant realm (Wolfe 1976; Wing 
and Tiffney 1987). Many Late Cretaceous climax forests were 
composed of a scattering of emergent araucarian conifers and a 
low canopy of small angiosperm trees (Wing and Tiffney 1987). 
Swamp vegetation of the lower coastal plain was commonly 
dominated by taxodiacean conifers (Parker 1976). Remaining 
floral elements include various ferns, palm, and cycadophytes. 
It is on the foliage and fructifications of these suites of plant life 
that hadrosaurids must have fed. 

The broad, complex occlusal surfaces and dental batteries of 
hadrosaurids, as well as their large gut capacity, were well suited 
for a subsistence of low-quality, high-fiber vegetation (Farlow 
1987b). Chewing in these animals involved bilateral occlusion, 
much like that in the more primitive ornithopods (see Norman 
et al., this vol., and Norman, this vol.). Hadrosaurids accom- 
plished transverse tooth-tooth movement through a combina- 
tion of orthal mandibular movement and pleurokinesis (i.e., 
slight lateral rotation of the maxillary region of the facial skele- 
ton, Weishampel [1983, 1984a]; Norman [1984a]; Norman and 
Weishampel [1985]). As a consequence, the entire hadrosaurid 
jaw system is formed into a multilink mechanism that includes 
left and right maxillary units, counterpart mandibular units, a 
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single muzzle unit, and two slightly streptostylic quadrate units. 
With such a jaw system, the broad, uninterrupted occlusal sur- 
face is available for compression and transverse tearing and 
cutting of plant material during excursion of maxillary over 
dentary teeth. A possible record of hadrosaurid diet that comes 
from a published account of supposed gut contents is that of 
Krausel (1922) from a “mummified” Edmontosaurus annectens. 
The contents consist of a good deal of fibrous material (conifer 
needles and branches) as well as deciduous foliage and numer- 
ous small seeds or fruits. Whether this material reflects the con- 
stituents of at least part of the hadrosaurid diet, as advocated 
by Ostrom (1964b) or represents a fluvial concentration within 
the shadow of the hadrosaurid carcass as suggested by Abel 
(1922) cannot be ascertained at present because the plant mate- 
rial has since been prepared away from the “mummified” speci- 
men and broken up. A more reliable census of the hadrosaurid 
diet may be discernible from coprolite specimens referable to 
Maiasaura peeblesorum (Chin and Gill 1996). The large, blocky 
masses primarily contain conifer stem fragments, but lack the 
familiar coprolite shape. A fecal origin is supported by the pres- 
ence of backfilled dung beetle burrows in the specimens. These 
coprolites are found on nesting horizons associated with nest- 
like structures (Chin and Gill 1996). 

Once thought to be amphibious (Leidy 1858; Cope 1883), 
hadrosaurids are now viewed as facultative terrestrial bipeds, us- 
ing quadrupedal stance during slow locomotion or when stand- 
ing still, with a bipedal stance adopted for fast locomotion. The 
majority of the dorsal and all of the caudal vertebral series are 
ramrod straight and supported by ossified tendons; together 
with the slender pubic peduncle of the ilium, this condition 
indicates that the vertebral column was naturally held at or near 
a horizontal attitude, more like a ratite bird than a kangaroo 
(Galton 1970b). Trackways made by hadrosaurids indicate that 
these animals walked both bipedally and quadrupedally and 
probably were able to change from bipedal to quadrupedal gaits 
whenever appropriate. Hadrosaurids may have been able to reach 
14 to 20 km/hr sustained running speeds (Thulborn 1982). 

Although we agree that many aspects of hadrosaurid anatomy 
suggest that they were highly active on land, we are of the opin- 
ion that these animals may not have been exclusively terrestrial 
foragers (see also Dodson 1971). Hadrosaurines found in near- 
marine environments, for example, may have been semiaquatic, 
whereas those in more inland environments may have been 
more terrestrial. Other hadrosaurines, such as Maiasaura peeble- 
sorum, were most likely fully terrestrial, as the anastomosing 
or braided fluvial sediments that have yielded material of this 
species indicate shallow water. 

Other features, the humerus and its deltopectoral crest, for 
example, vary considerably in size and robustness among hadro- 
saurid species and genera, but their significance for differentia- 
tion of locomotor grade and habitat usage is yet to be ascertained. 

The question as to whether hadrosaurids spent any length 
of time in brackish or marine environments has yet to be ade- 
quately addressed. Although it has been presumed that those 
hadrosaurines found in marine sediments (see Horner 1979) were 
simply washed out to sea from inland habitats, there is no par- 
ticularly good evidence for dismissing them from coastal marine 
habitats, nor is there any particularly good evidence for this 
indicating a semiaquatic behavior. 

Hadrosaurid intraspecific behavior has been discussed in 
detail by Hopson (1975a), Dodson (1975), Horner and Makela 
(1979), Weishampel (1981a), and Horner (1982, 1984b, 2000). 
Colonial nesting is known in Maiasaura peeblesorum and may 
be widespread among hadrosaurids (see Barsbold and Perle [1983] 


for communal nesting in a ?hadrosaurine from the Toogreeg 
beds of Mongolia). There was parental care of both hadrosaurine 
and lambeosaurine young for some period of time following 
hatching (Horner and Makela 1979; Horner 1999). Bone-bed 
occurrences lend further support for gregariousness and the 
possibility of migrations. Hadrosaurids are commonly found in 
large bone beds, many of them monospecific, in both marginal 
lowland and upland sediments (Varricchio and Horner 1993). 
Perhaps the best example comes from a bone bed within the Two 
Medicine Formation of Montana, United States, that conserva- 
tively contains remains of at least 10,000 M. peeblesorum indi- 
viduals, ranging in length from between 3 and 7.5 m (Hooker 
1987; Schmitt et al. 1998). It is assumed that an aggregation of 
this size required migratory movement, most likely seasonal, to 
meet the energy demands of its members. Because M. peebleso- 
rum has not yet been found in lowland sediments, these animals 
(and probably other hadrosaurids) likely migrated along a 
north-south corridor, as discussed by Hotton (1980). For these 
same reasons, it is likely that hadrosaurine and lambeosaurine 
species groups remained within their partitioned habitats (e.g., 
upper coastal plain, lower coastal plain, near marine) during 
these seasonal migrations. Although there may have been move- 
ment out of these habitats during nesting seasons, there is no 
evidence as yet that such movement actually occurred. 


Several unusual cranial features in hadrosaurids may have 
evolved in the parent-offspring interactions, herding, intra- 
specific social behavior, and species recognition. These modi- 
fications center on the modification of the nasal cavity and 
associated lateral diverticula (Hopson 1975a; Weishampel 1981a, 
1981b). As there is morphometric support for sexual dimor- 
phism in the crest of two lambeosaurine species (Dodson 1975), 
it has been hypothesized that these cranial structures were 
used for species recognition, intraspecific combat, ritualized 
display, courtship display, parent-offspring communication, 
and social ranking (Hopson 1975a; Molnar 1977). In doing so, 
they would have promoted successful matings within species 
by acting as premating genetic isolating mechanisms (Hopson 
1975a). 

Fleshy lateral diverticula may have covered the circumnarial 
depression adjacent to the external nares, and if so would likely 
have been used for both visual and vocal communication. Al- 
though the nasal arch is not accentuated in species of Edmonto- 
saurus, their prominent circumnarial excavations are also 
thought to have housed inflatable diverticula, which may have 
assumed a vocal function in these animals. Finally, the hollow 
supracranial crests in lambeosaurines may have acted as vocal 
resonators as well as species-specific visual display organs (Wiman 
1931; Hopson 1975a; Weishampel 1981a, 1981b). 
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TWENTY-ONE 


Pachycephalosauria 


TERESA MARYANSKA 
RALPH E. CHAPMAN 
DAVID B. WEISHAMPEL 


Pachycephalosauria, often called dome-headed or thick-headed 
dinosaurs, is a group of bipedal ornithischians with thickened 
bones of the skull roof. Pachycephalosaurians retain a few 
primitive ornithischian features, including a short premaxilla, 
premaxillary dentition, pronounced heterodonty, small leaflike 
cheek teeth, a mandible with a low coronoid process and a mod- 
erately developed retroarticular process, and an ischium without 
an obturator process. The group is restricted to the Late Creta- 
ceous, with the exception of two Early Cretaceous species, Yaver- 
landia bitholus and Stenopelix valdensis. Pachycephalosauria, as 
treated in this chapter, includes 14 genera, all but one (Stego- 
ceras) of which are monospecific. The number of specimens per 
species varies from one in most species to several dozen in Stego- 
ceras validum. Complete skeletons and skulls of Pachycephalo- 
sauria are scarce, but pachycephalosaurian domes or skull frag- 
ments are commonly found in western North America (see, 
e.g., Giffin 1989; Goodwin 1990; D. B Brinkman et al. 1998); the 
geographic distribution of the group is a wide one and it occurs 
throughout the Northern Hemisphere, mostly in western North 
America and central Asia, but also in Europe (table 21.1). A single 
species (Majungatholus atopus), previously reported as a pachy- 
cephalosaur from Gondwana (Sues and Taquet 1979), is not a 
member of this clade, but is instead a theropod according to 
recent discoveries (Sampson et al. 1998). 

The ancestry of Pachycephalosauria has long been thought 
to be an open question; however, a number of derived cranial 
and pelvic characters link Pachycephalosauria with Ceratopsia 
(Maryanska and Osmolska 1974; Sereno 1986, 1997, 2000). 


Definition and Diagnosis 


Pachycephalosauria is a stem-based clade (Sereno 1997) defined 
as all the taxa more closely related to Pachycephalosaurus wyo- 
mingensis than to Triceratops horridus. Members of the pachy- 
cephalosaurian clade are characterized by the following derived 
features (these synapomorphies come from the phylogenetic 
analysis described below): thickened skull roof; frontal excluded 
from the orbital margin; flat, broad dorsal surface of the post- 
orbital bar; parietal without caudolateral wings; tubercles on 
the caudolateral margin of the squamosal; thin, platelike basal 
tubera; prootic-basisphenoid plate that contacts the pterygoid- 
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prootic plate; double ridge-and-groove articulations on dorsal 
vertebrae; elongate sacral ribs; caudal basket of fusiform ossified 
tendons; ilium with a sigmoidal border; medial process on the 
iliac blade; pubis nearly excluded from the acetabulum; tuber- 
cles on the squamosal; broad expansion of the squamosal onto 
the occiput; and jugal and quadrate eliminate the free ventral 
margin of the quadratojugal. 


Anatomy 


The majority of pachycephalosaurians are known from isolated 
fragmentary skull caps consisting of the fused frontals and pari- 
etals thickened into a dome. Exceptions include the Late Creta- 
ceous Stegoceras validum (Gilmore 1924d) and Prenocephale prenes 
(Maryanska and Osmolska 1974), for which complete single 
skulls have been found, and Pachycephalosaurus wyomingensis 
(Brown and Schlaikjer 1943), Stygimoloch spinifer (Goodwin et al. 
1998), Homalocephale calathocercos, Tylocephale gilmorei (Maryan- 
ska and Osmolska 1974) and Goyocephale lattimorei (Perle et al. 
1982), all of which are known from largely complete skulls. 
Acomplete postcranial skeleton has yet to be found. The most 
complete pertain to Homalocephale calathocercos, Goyocephale 
lattimorei, Stegoceras validum, and Pachycephalosaurus wyomingen- 
sis. Some postcranial fragments have also been found for other 
Asian species: Stenopelix valdensis (Meyer 1857) from Europe and 
Stygimoloch spinifer (Goodwin et al. 1998) from North America. 
Incompleteness of the postcranial skeleton is responsible for the 
lack of published information concerning the number of cervi- 
cals (and thus neck length) and the structure of the manus. 
The description of pachycephalosaurian cranial structure 
that follows is based largely on the skulls of Prenocephale prenes, 
Homalocephale calathocercos (Maryanska and Osmolska 1974), 
and Stegoceras validum (Gilmore 1924d), while that of the post- 
cranial skeleton is based mainly on H. calathocercos (Maryanska 
and Osmolska 1974) and Goyocephale lattimorei (Gilmore 1924d). 


Skull and Mandible 


The basic structure of the pachycephalosaurian skull is peculiar, 
although generally based on a uniform Bauplan (figs. 21.1-21.3). 


TABLE 21.1 


Pachycephalosauria 
Occurrence Age Material 
Pachycephalosauria Maryanska et Osmolska, 
1974 
Stenopelix Meyer, 1857 
S. valdensis Meyer, 1857 Obernkirchen Sandstein Berriasian Partial skeleton, no skull 
(Niedersachsen), Germany 
Yaverlandia Galton, 1971c 
Y. bitholus Galton, 1971c Wessex Formation (Isle of Barremian Skull fragment 
Wight), England 
Wannanosaurus Hou, 1977 
W. yansiensis Hou, 1977 Xiaoyan Formation (Anhui), Campanian Partial skull roof, mandible, 


Goyocephala Sereno, 1986 
Goyocephale Perle, Maryariska, et Osmolska, 
1982 


G. lattimorei Perle, Maryanska, et Osmolska, 


1982 


Homalocephaloidea, Sereno, 1986 
Homalocephale Maryanska et Osmolska, 1974 
H. calathocercos Maryanska et Osmolska, 
1974 


Ornatotholus Galton et Sues, 1983 
O. browni (Wall et Galton, 1979) (= Stegoceras 
browni Wall et Galton, 1979) 
Pachycephalosauridae Sternberg, 1945 
Gravitholus Wall et Galton, 1979 
G. albertae Wall et Galton, 1979 


Pachycephalosaurus Brown et Schlaikjer, 

1943 (= Tylosteus Leidy, 1872) 

P. wyomingensis (Gilmore, 1931) (= Troodon 
wyomingensis Gilmore, 1931, including 
Tylosteus ornatus Leidy, 1872; P. grangeri 
Brown et Schlaikjer, 1943; P. reinheimeri 
Brown et Schlaikjer, 1943) 


Prenocephale Maryanska et Osmolska, 1974 
P. prenes Maryanska et OsmOlska, 1974 


Sphaerotholus Williamson et Carr, 2002 
S. buchholtzae Williamson et Carr, 2002 


S. goodwini Williamson et Carr, 2002 


Stegoceras Lambe, 1902 (= Troodon Leidy, 1856, 
sensu Gilmore, 1924d partim; Colepiocephale 
Sullivan, 2003; Hanssuessia Sullivan, 2003) 

S. validum Lambe, 1918b (including 
S. breve Lambe, 1918b; S. lambei Sternberg, 


1945; Colepiocephale lambei (Sternberg, 1945]; 


Troodon sternbergi Brown et Schlaikjer, 1943; 


Hanssuessia sternbergi [Brown and Schlaikjer, 


1943]) 


People’s Republic of China 


Unnamed unit 
(Ovérkhangai), Mongolia 


Nemegt Formation 
(Omné6gov’), Mongolia; 
Margyang Formation 
(Xizang Zizhiqu), People’s 
Republic of China 


Dinosaur Park Formation 
(Alberta), Canada 


Dinosaur Park Formation 
(Alberta), Canada 


Lance Formation 
(Wyoming), Hell Creek 
Formation (South Dakota), 
Judith River Formation, 
Hell Creek Formation 
(Montana), United States 


Nemegt Formation 
(Omnégov’), Mongolia 


Hell Creek Formation 
(Montana), United States 

Hell Creek Formation 
(Montana), United States 


Oldman Formation, 
Dinosaur Park Formation, 
Horseshoe Canyon 
Formation (Alberta), 
Canada; Judith River 
Formation (Montana), 
United States 


?late Santonian 
or early 
Campanian 


?late 
Campanian 
or early 
Maastrichtian 


late Campanian 


late Campanian 


late 
Maastrichtian 


?late 
Campanian 
or early 
Maastrichtian 


late 
Maastrichtian 

late 
Maastrichtian 


late Campanian 


fragments of postcranium 


Fragmentary skull, with 
associated nearly complete 
postcranial skeleton 


Nearly complete skull with 
associated, nearly complete 
postcranial skeleton 


Frontoparietal dome 


Frontoparietal dome 


Nearly complete skull, at least 
3 skull fragments 


Complete skull with associated 
partial postcranium 


Skull material 


Skull material 


Complete skull with associated 
partial postcranium, several 
dozen frontoparietal domes 


(continued) 
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Occurrence Age Material 

S. edmontonense (Brown et Schlaikjer, 1943) Horseshoe Canyon Maastrichtian At least 3 skull fragments 
(= Troodon edmontonensis Brown et Schlaikjer, Formation (Alberta), 

1943) Canada; Hell Creek 
Formation (Montana), 
United States 
Stygimoloch Galton et Sues, 1983 (= Stenotholus 

Giffin, Gabriel, et Johnson, 1987) 

S. spinifer Galton et Sues, 1983 (including Hell Creek Formation late Partial skull, 8 skull fragments, 
Stenotholus kohleri Giffin, Gabriel, et Johnson, (North Dakota), Ferris Maastrichtian postcranial elements 
1987) Formation, Lance 

Formation (Wyoming), 
Hell Creek Formation 
(Montana), United States 
Tylocephale Maryariska et Osmolska, 1974 
T. gilmorei Maryanska et Osmolska, 1974 Baruungoyot Formation ?middle Incomplete skull 
(Omnégov’), Mongolia Campanian 
Unnamed pachycephalosaurid (= “Troodon” Minhe Formation (Nei Campanian- Partial parietal 
bexelli Bohlin, 1953) Mongol Zizhiqu), People’s Maastrichtian 
Republic of China 
Pachycephalosauria incertae sedis 
Micropachycephalosaurus Dong, 1978 
M. hongtuyanensis Dong, 1978 Wangshi Group (Shandong), Campanian Partial mandible, associated 


People’s Republic of China 


postcranial fragments 


Nomina dubia 


Material 


Heishansaurus pachycephalus Bohlin, 1953 


Badly preserved cranial and postcranial fragments 


FIGURE 21.1. Homalocephale calathocercos skull in A, lateral, B, dorsal, C, ventral, and D, caudal views. 
Scale = 9 cm. (After Maryaniska and Osmolska 1974.) 


FIGURE 21.3. A-H, Goyocephale lattimorei. A, skull in dorsal view; B, C, second left premaxillary tooth; D, Ea maxillary tooth; F, first mandibular 
tooth; G, H, distal mandibular tooth in B-G lingual, and C, D, H, buccal views, wear facets outlined. J, K, Ornatotholus browni, fragment of skull in J, 
dorsal, and K, lateral views. L-N, Yaverlandia bitholus, fragment of skull in L, dorsal, M, lateral, and N, ventral views. O, P, Tylocephale gilmorei, 
fragment of skull in O, lateral, and P, caudal views. Q, Pachycephalosaurus wyomingensis, skull in lateral view. R, S, Wannanosaurus yansiensis, left 
mandible in R, medial, and S, lateral views. Scale = 9 cm (A, O, P), 1.5 cm (B-H), 4 cm J, K), 5 cm (L-N), 24 cm (Q), 3 cm (R, S). (J-N after Galton 


1971c; O, P from Maryanska and Osmolska 1974; R, S after Hou 1977.) 


The skull is akinetic, high, with a well-ossified, thickened roof. 
The basicranium is short and the occiput is high with a broad 
expansion of the squamosal. Almost all articulations are firm; 
some of them are fused. Extreme thickening of the skull roof re- 
sults in a domelike structure and is correlated with the closure 
of the supratemporal fenestrae. 
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The premaxilla is short with a moderately developed lateral 
process wedged between the nasal and the maxilla. This condi- 
tion, clearly visible in Prenocephale and Goyocephale, is also visi- 
ble in Stegoceras validum. This process never reaches the lacrimal. 
The oral margin of the premaxilla is thick and bears three deep 
alveoli. The rostralmost tip of the premaxilla is devoid of teeth. 


The small external nares are encircled ventrally and laterally by 
the premaxilla, which probably forms, at least in part, a ventral 
portion of the internarial bridge. The premaxilla is excluded from 
the internal nares by the maxilla. 

The maxilla is high and nearly vertical. The thick but short 
palatal process of the maxilla contacts its fellow rostromedially; 
caudally the vomer is wedged between the two maxillae. A small 
external antorbital fenestra is present at the suture of the max- 
illa and the lacrimal only in Prenocephale prenes and, similar to 
other pachycephalosaurians, there is no external antorbital fossa. 
This fenestra leads into an extensive antorbital cavity (Witmer 
1997a) described by Maryanska and Osmolska (1974) as the 
“intramaxillary sinus.” The fossa penetrates the maxilla for 
nearly its entire length. In P. prenes, the medial lamina of the 
maxilla is pierced at the level of the internal nares by the 
internal fenestra, which connects the antorbital cavity with 
the nasal cavity. A similar structure of the antorbital cavity is 
present in Stegoceras validum and Homalocephale calathocercos. 
The length of the maxilla and contacts with the nasal and jugal 
vary in different pachycephalosaurian species. 

The lacrimal varies in size; it is largest in Prenocephale prenes 
and smallest in Tylocephale gilmorei. In the vicinity of the ant- 
orbital fenestra, the lacrimal has a separate medial lamina that 
bounds the dorsomedial aspect of the antorbital cavity (intra- 
maxillary sinus). The lacrimal foramen is located on the orbital 
margin of this element and leads into the antorbital cavity. Gen- 
erally, the lacrimal does not reach rostrally as far as the nasal. 
There is no contact between the lacrimal and the prefrontal. 

The jugal is extensive dorsoventrally, reaching close to the 
quadrate-mandibular joint ventrally and generally forming the 
ventral and most of the caudal orbital rim and the rostroventral 
portion of infratemporal fenestra. The participation of the bone 
in the ventrocaudal rim of the orbit varies among species; it is 
greater in Stegoceras validum and Tylocephale gilmorei and less in 
Prenocephale prenes and Homalocephale calathocercos. The jugal 
forms only a small portion of the cranialmost corner of the rim 
of the infratemporal fenestra in S. validum, being more extensive 
in P. prenes. The rostral expansion of the jugal is also variable; in 
S. validum, the rostral process of the jugal exceeds the rostral bor- 
der of the lacrimal. The caudal portion of the jugal along the 
contact with the quadratojugal is almost vertical, and ventrally 
the bone is in contact with the quadrate. In Homalocephale, by 
contrast, the ventral contact of the jugal and quadrate is absent 
in lateral view. In all pachycephalosaurians, the jugal is strongly 
ornamented, especially on its caudoventral aspect. 

The quadratojugal, in lateral aspect, is a teardrop-shaped 
bone, extensive dorsoventrally in most species, and forms a 
portion of the ventral border of the infratemporal fenestra. 
The structure of the quadratojugal varies among pachycepho- 
saurians. In Prenocephale, the main body of the bone is con- 
stricted between the jugal and quadrate and produces a lateral 
and medial lamina, which together embrace the jugal rostrally 
and the quadrate caudally. In Stegoceras validum, the laminae 
are less distinctly developed. In Homalocephale calathocercos, the 
quadratojugal is only a thin plate of bone that rostrally under- 
lies the jugal medially and caudally overlaps the quadrate later- 
ally. Ventrally the quadratojugal is surrounded by the jugal and 
quadrate in all species. In Pachycephalosaurus grangeri, the quad- 
ratojugal is less expanded dorsoventrally in lateral aspect as in 
Prenocephale and Stegoceras. Near the contact with the quadrate, 
the jugal is pierced by the quadratojugal foramen. In some 
species, the external surface of the quadratojugal ranges from 
highly ornamented (Prenocephale prenes) to almost smooth ex- 
ternally (Homalocephale calathocercos). 


The dorsal part of the quadrate shaft is always, at least 
slightly, deflected backward, while ventrally it is nearly verti- 
cally in line with the distal maxillary teeth. The pterygoid ramus 
of the quadrate is broad. 

The expanded squamosal overhangs the occiput. Here, it 
contacts the parietal medially along an extensive serrated su- 
ture. The squamosal is incorporated into the dome structure in 
Prenocephale and Pachycephalosaurus, while in Stegoceras the 
squamosals may form a shelf or be incorporated into the devel- 
opment of the dome. Together with the parietal, it forms a dis- 
tinct to prominent parietosquamosal shelf along the caudal skull 
margin. In Homalocephale and Goyocephale, which have compat- 
atively large supratemporal fenestrae, the parietosquamosal con- 
tact is short. In Stygimoloch spinifer, the squamosal produces an 
extensive caudolateral shelf with an intersquamosal fusion 
that is visible caudal to the domed parietals. Thus, the parietal 
does not participate in the formation of the shelf in this species 
(Goodwin et al. 1998). The dorsal surface and external margins 
of the squamosal in all pachycephalosaurs are ornamented by 
a row of more or less prominent osteoderms on its external 
margins, while in Stygimoloch there are three or four large horns 
and multiple clusters of node-shaped ossifications (Goodwin 
et al. 1998). 

The postorbital is large and incorporated into the dome in 
Prenocephale and Tylocephale. Its participation in the caudal or- 
bital margin varies widely, being extensive in Prenocephale prenes 
and Homalocephale calathocercos and limited in Stegoceras validum. 
In S. validum and Pachycephalosaurus wyomingensis, there is a 
continuation of the squamosal shelf along the postorbital. The 
bone is strongly ornamented. 

Two distinct and separated ossifications, supraorbitals 1 and 
2, roof the orbit and form its heavy upper rim. The supraorbitals 
are present in both domed and flat-headed representatives of 
the group. 

The shape of the nasal varies in Pachycephalosauria. The trans- 
verse and sagittal profiles across the rostral part of the nasals are 
concave dorsally. The nasal is weakly convex at the caudal limit 
near its short contact with the frontal in Prenocephale prenes. A 
similar condition is found in Pachycephalosaurus wyomingensis. 
In Stegoceras validum, contact between the nasal and frontal is 
extensive, and the sagittal and transverse profiles through both 
nasals are convex. S. edmontonense differs from S. validum in 
lacking the pronounced nasofrontal elevation (Sues and Galton 
1987). 

The pterygoid has two rami. The palatal ramus is nearly hor- 
izontal with a broad caudal portion and a narrow, vertical ros- 
tral region. The palatal ramus meets its fellow in Prenocephale 
prenes, while in Homalocephale calathocercos and Stegoceras validum 
it is partially separated by an interpterygoid vacuity. Dorsally, its 
vertical portion underlies the caudal part of the palatine. The 
palatal ramus rises most steeply toward the midline in P. prenes, 
less steeply in S. validum, and only slightly in H. calathocercos. 
The quadrate ramus of the pterygoid broadly overlaps the ba- 
sisphenoid rostrally to contact the prootic. The extensive caudal 
portion of this ramus is vertical and overlaps the pterygoid ramus 
of quadrate. 

In Homalocephale calathocercos and Prenocephale prenes, a small 
bone is directed rostrocaudally from the prootic at the contact 
of the latter bone with the laterosphenoid toward the quadrate 
wing of the pterygoid. This bone was considered the epiptery- 
goid by Maryariska and OsmOlska (1974). An ossified epipterygoid 
is absent in Stegoceras validum (Wall and Galton 1979). 

The small ectopterygoid has a stout jugal process and forms 
a caudal boundary of a small palatine fenestra. The palatine is 
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a small bone whose rostral part tapers abruptly and is steeply 
inclined dorsomedially where it meets the vomer, but not its fel- 
low, medially. The vomer process of the palatine forms most of 
the medial boundary of the internal nares in Stegoceras validum, 
but only the caudal half in Prenocephale prenes. The maxillary 
process is broad in P. prenes and Homalocephale calathocercos, 
while it is comparatively narrow in S. validum and Pachycephalo- 
saurus wyomingensis. The caudal portion of the palatine, at its 
contact with the pterygoid, is concave dorsally only in S. validum. 
The rostral portion of the vomer is wedged between the maxil- 
lae and does not reach the premaxillae. Caudally, the vomer laps 
the cranial process of the palatal ramus of the pterygoid ven- 
trally and meets the vomer process of the palatine laterally. The 
secondary palate is short. 

The braincase is solidly constructed with many of its elements 
thick and heavily ossified. The union of the neurocranium with 
the splanchnocranium is strong. The small supraoccipital con- 
tributes to a minor portion of the dorsal margin of the foramen 
magnum and dorsally sends a process to deeply invade the 
parietal. The dorsolateral process of the supraoccipital is wedged 
between the squamosal and exoccipital. The paroccipital pro- 
cess is formed of the exoccipital. In all Pachycephalosauria, the 
exoccipital adheres closely along its dorsal margin to the squa- 
mosal and quadrate, except in Prenocephale prenes, where the 
exoccipital is separated from the quadrate and the squamosal at 
its lateral extreme. 

The basioccipital forms most of the occipital condyle. The ar- 
ticular surface of the condyle faces ventrally. The condylar neck 
is short. The basal tuber is flat and platelike; it borders a deep 
slitlike cavity, the rostral wall of which is formed by the prootic- 
basisphenoid plate. The prootic and basisphenoid are strongly 
modified. Together, they produce a flat transverse plate, formed 
dorsally by the prootic and ventrally by the basisphenoid. Lat- 
erally, the plate underlies the caudal surface of the quadrate ra- 
mus of the pterygoid. In this way, the basicranial region is sepa- 
rated from the palatal and suborbital regions. The part of the 
basisphenoid that forms the ventral portion of the basal tuber 
does not extend ventrally, yet in Homalocephale calathocercos it 
nearly reaches the pterygoid. It is dorsoventrally shortest in Stego- 
ceras validum, in which a comparatively wide space separates the 
basisphenoid from the pterygoid. 

The parasphenoid is well ossified and distinct from the basi- 
sphenoid, overlapping the latter ventrally. The parasphenoidal 
rostrum is well developed. The laterosphenoid forms the dorso- 
lateral wall of the braincase and a small portion of the medial 
wall of the orbit. Contact between the presphenoid and paras- 
phenoid on the lateral wall of the braincase is absent in most 
Pachycephalosauria, but was identified in Stygimoloch spinifer 
by Goodwin et al. (1998). Additional ossifications separate the 
two bones, and the peculiar compression of the basicranial re- 
gion described above also prevents contact of the presphenoid 
and parasphenoid. 

Endocranial morphology has been described only in Stego- 
ceras validum, Pachycephalosaurus wyomingensis, and Yaverlandia 
bitholus (Hopson 1979; Wall and Galton 1979; Giffin 1989). The 
cerebral region of Y. bitholus differs from that of S. validum and 
P. wyomingensis in being shorter and broader, with the hemi- 
spheres separated by a median sulcus. The olfactory peduncles 
are large and the olfactory lobes broad and divergent in S. validum 
and P. wyomingensis. In Y. bitholus, the olfactory peduncles are 
slender and the olfactory lobes are small and parallel. 

The medial and rostral walls of the orbit are completely os- 
sified. Numerous additional small, well-sutured ossifications re- 
sult in the complete bony separation of the nasal and orbital 
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cavities. The number, size, and pattern of the distribution of 
these ossifications vary not only among pachycephalosaurian 
species but, according to Goodwin et al. (1998), between the left 
and right sides of the same skull in Stygimoloch spinifer. 

The frontals and parietals are thick and occur in two differ- 
ent structural patterns. One, in which the uniformly thickened 
and flat frontals and parietals are suturally separated (including 
a Clearly visible interfrontal suture), is exemplified by Homalo- 
cephale calathocercos and Goyocephale lattimorei. In these forms, 
the fused parietals make up the medial borders of the supra- 
temporal fenestrae to produce an interfenestral bridge. In 
Wannanosaurus yansiensis, the sutures on the skull roof are oblit- 
erated but the supratemporal fenestra is larger than in H. ca- 
lathocercos and G. lattimorei. The ornamentation of the skull roof 
in W. yansiensis is granulated rather than pitted, hence differing 
from both H. calathocercos and G. lattimorei. The other pattern, 
with a more or less elevated and fused frontoparietal mass that 
forms a dome and progressive reduction of the supratemporal 
fenestrae, is present, for example, in Stegoceras validum. The ex- 
treme doming of the frontoparietal with the incorporation of 
the prefrontal, squamosal, and postorbital into the fronto- 
parietal mass and complete closure of the supratemporal fenestrae 
is present, for example, in Prenocephale prenes and Pachycephalo- 
saurus wyomingensis. In Stygimoloch spinifer, with a long, narrow, 
and high frontoparietal dome, the rostral portion of the frontal 
and the postorbital are also incorporated into the dome, but 
lateral and caudal elements of skull roof are not incorporated 
into the dome, as is observed in Prenocephale. The supratempo- 
ral fenestrae apparently close during ontogeny, at least as ob- 
served in this species (Goodwin et al. 1998). The poorly docu- 
mented Gravitholus albertae is characterized by a high and wide 
dome with a large depression on the parietals. The shape of its 
dome may be pathological, but the size of the braincase in this 
species is much smaller relative to dome size than that of large 
individuals of Stegoceras validum (Chapman et al. 1981). Each 
frontal is slightly domed in Yaverlandia bitholus. 

Complete or fragmentary mandibles are known only in Stego- 
ceras validum, Goyocephale lattimorei, Wannanosaurus yansiensis 
(fig. 21.3), Tylocephale gilmorei, and Micropachycephalosaurus 
hongtuyanensis. The mandible is generally shallow and slightly 
sigmoid in ventral view, with a moderately long retroarticular 
process anda shallow coronoid eminence. The mandibular rami 
are not fused at the symphysis. The symphyseal surface is small. 
The predentary has never been found, but a small grooved artic- 
ular surface for its reception is present on the rostrolateral sur- 
face of the dentary. The dentary forms about two-thirds of the 
length of the mandible. The subtriangular splenial lies almost 
entirely on the lingual side of the mandible. The coronoid emi- 
nence is formed by the dentary, surangular, and coronoid. No 
mandible preserves a complete coronoid, but this bone is small 
and does not project dorsally above the surangular. The post- 
coronoid portion of the mandible is short, the angular being 
the largest element in this region. The sutures between the pre- 
articular and articular are obliterated. The prearticular extends 
rostrally at least to the middle of the mandibular fossa. Orna- 
mentation covering the buccal and ventral surfaces of the man- 
dible is most pronounced on the angular. 

The pachycephalosaurian dentition is heterodont. All teeth 
are enameled on both sides. Three caniniform premaxillary teeth 
are present in Prenocephale prenes and Goyocephale lattimorei, 
the third being the largest. They are subconical, slightly recurved 
with denticulate distal edges, and oval in cross section. The 
crowns are distinct from the roots and worn along their lingual 
or linguodistal faces. In these species, there is a deep diastema 


between the premaxillary and maxillary series of teeth for the 
reception of the first dentary tooth. The premaxillary teeth in 
Stegoceras validum are pointed and slightly recurved distally with 
vertical wear facets along the lingual aspect of the crowns (Sues 
and Galton 1987). A small diastema is present between pre- 
maxillary and maxillary teeth in this species. 

The maxillary teeth are small, being largest in Tylocephale 
gilmorei and smallest in Pachycephalosaurus wyomingensis. The 
crowns are more or less triangular and transversely compressed. 
Generally, the lingual side of the crown is weakly convex verti- 
cally, while the buccal side is concave. The crowns have weak 
ridges that culminate in marginal denticles, with the central 
denticle being the strongest. The teeth are arranged in a single 
row, and the distal margin of each tooth slightly overlaps buc- 
cally the mesial margin of the successive tooth. 

Wear on the maxillary teeth is variable. In Homalocephale 
calathocercos, there is extensive wear along the lingual surface of 
all the maxillary teeth. These surfaces tend to form a confluent 
occlusal plane over the whole maxillary series. A similar pattern 
is observed in Goyocephale lattimorei and Tylocephale gilmorei. In 
Prenocephale prenes, there is a narrow wear surface along the 
ventral margin of each tooth. In Stegoceras validum, the oblique 
lingual wear facets are developed on the mesiolingual aspects 
of the crown (Sues and Galton 1987). 

Mandibular teeth are only known in some species. Those of 
Stegoceras validum are generally similar to the teeth in the upper 
jaw. The mesial mandibular teeth are larger than the distal. 
Mandibular heterodonty is more pronounced in Goyocephale 
lattimorei, in which the first tooth is much larger than succes- 
sive ones and is caniniform. It is also much larger than all the 
premaxillary teeth, is polygonal in cross section, and bears a 
sharp, denticulate ridge on the distal edge. The remaining, closely 
arranged mandibular teeth of G. lattimorei have ridged, sub- 
triangular crowns with pointed tips. The wear surface, almost 
parallel to the longitudinal axis of each tooth, is on the labial 
side of each crown. The mandibular teeth of Wannanosaurus 
yansiensis are similar to those in G. lattimorei. 

The number of teeth in pachycephalosaurian species is poorly 
known. The maxillae bear 16 teeth in Stegoceras validum and 
Goyocephale lattimorei, 17 in Prenocephale prenes, and 20 in Pachy- 
cephalosaurus wyomingensis. The number of dentary teeth varies 
from approximately 10 in Wannanosaurus yansiensis to 17 in 
S. validum and 18 in G. lattimorei. 


Postcranial Skeleton 


AXIAL SKELETON 


The preserved part of the vertebral column of Homalocephale 
calathocercos (including 10 caudal dorsals, 6 sacrals, and 29 cau- 
dals) is the most completely described in Pachycephalosauria, 
which allows the reconstruction of the natural curvature of the 
vertebral series in this species. The column rises slightly back- 
ward along the first three preserved dorsals, beyond which it is 
horizontal to the end of the sacrum. Behind the sacrum, the tail 
slopes steeply downward, beginning with the first caudal up to 
the thirteenth. More distally, the natural orientation of the tail 
is nearly horizontal. 

The dorsal vertebrae are amphiplatyan, increasing in size 
caudally. The neural arches are about twice as high as the centra 
in the cranial dorsal vertebrae and about one and a half times 
as high in the caudal dorsals. In lateral view, the neural spines 
are subrectangular and robust, although low and slightly in- 


clined backward. The transverse processes are steeper caudally 
than cranially, except for the last dorsal, in which they are nearly 
horizontal. The zygapophyses of the dorsals are short and broad, 
and show a tongue-and-groove articulation with one another. 
The dorsal ribs are rodlike, slightly curved, and double-headed. 
The distance between the capitulum and tuberculum decreases 
caudally. The terminal ribs are more slender and curved. 

The sacrum in Homalocephale calathocercos was found in nat- 
ural articulation with the pelvic girdle (fig. 21.4). It consists of 
six strongly co-ossified, long, low vertebrae. There is a low keel 
along the ventral side of sacrals 2 through 4. The structure of the 
sacral ribs and their contacts with the pelvis are peculiar. Sacral 1 
bears a normal transverse process fused with a broad and short 
sacral rib. The dorsoventrally flattened end of the rib attaches 
loosely to the medial edge of the ilium. Sacral ribs 2 through 4 
are stout and flattened craniocaudally. The rib of sacral 2 is di- 
rected caudally, while that of sacral 3 is angled cranially. Both 
ribs contact the cranial process of the ischium near the contact 
of the latter with the pubic peduncle of the ilium. The rib of 
sacral 4 is the most robust and forms a vertical plate. In its upper 
part, this plate contacts the ilium above and behind the acetab- 
ulum. The lower part of the rib attaches to the ischium just be- 
low the contact of the latter with the ischial peduncle of the 
ilium. The rib of sacral 5 is flattened craniocaudally, directed cra- 
nially, and meets the ilium at the articular facet for the fourth 
sacral rib. Sacral rib 6 is dorsoventrally flattened like that of the 
succeeding caudal rib and contacts the medial flange of the il- 
ium. Sutures are visible between the sacral ribs and the trans- 
verse processes of sacrals 1, 4,5, and 6. The sacrum and sacral ribs 
are similar in Prenocephale prenes. The sacrum of Goyocephale lat- 
timorei is composed of only four weakly fused vertebrae. Caudal 
contacts of sacral ribs 1 and 2 are not well known. Sacral rib 3 
contacts at least the upper border of the ilium, as there is a facet 
for it. In contrast to H. calathocercos, sacral rib 3 is caudally di- 
rected in G. lattimorei. Sacral rib 4 extends much less ventrally 
than in H. calathocercos and contacts only the ilium. Isolated long 
sacral ribs are present in Micropachycephalosaurus hongtuyanensis 
and Stenopelix valdensis. 

The caudal vertebrae in Homalocephale calathocercos and Goy- 
ocephale lattimorei are amphiplatyan and spool-like in lateral view. 
Caudals from the middle portion of the tail (starting with cau- 
dal 5) are shorter than either proximal or distal caudals and have 
deeply concave ventral profiles. The prezygapophyses of proxi- 
mal caudals have concave articular surfaces that are directed 
dorsomedially. These become flatter and face more medially in 
more distal caudals. Eight proximal caudals bear caudal ribs. A 
distinct suture is visible where each rib contacts the vertebra. 
The first four ribs are placed on the boundary between the cen- 
trum and neural arch. More distally, their position becomes 
more ventral. The ribs on the most proximal vertebrae are long, 
more than the length of three caudal centra. The neural spines 
of all preserved caudals are long and slightly inclined backward. 
The most proximal articular site of the chevrons, which are 
poorly known in pachycephalosaurians, is on caudal 5. Begin- 
ning with caudal 12 in Homalocephale calathocercos, a basket- 
work of tendons, formed in both epaxial and hypaxial muscula- 
ture, surrounds the tail in H. calathocercos, but it is not known 
whether they extended to the end of the tail. The tendons are 
fusiform and of different lengths and sizes. Similar ossified ten- 
dons were recovered together with skeletons of Prenocephale prenes, 
Goyocephale lattimorei, Stygimoloch spinifer, Micropachycephalo- 
saurus hongtuyanensis, and Stegoceras validum. In the last, the 
pieces of the tendons were described by Gilmore (1924d) as 
abdominal ribs. 
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FIGURE 21.4. A-L, Homalocephale calathocercos, sacropelvic region with the last dorsal and first caudal attached in A, ventral, and B, dorsal views; 

C, reconstruction of pelvis in lateral view; left ilium and ischium naturally articulated with facets for last dorsal, sacral, and first caudal ribs in, 

D, medial view; left prepubic process in E, dorsal, F, ventral, and G, medial views; left femur in H, caudal, J, lateral, and K, cranial views; L, articular 
head in dorsal view. M-N, Goyocephale lattimorei, M, left humerus in caudal view; N, left ilium in dorsal view. Scale = 6 cm. (A-L after Maryanska and 


Osmolska 1974; M, N after Perle et al. 1982.) 


APPENDICULAR SKELETON 


The shoulder girdle is known in Stegoceras validum. The scapula 
is long and slender with a greatly expanded ventral end. The 
coracoid is imperfectly known but is large. The coracoid fora- 
men is situated close to the coracoid-scapula contact. Paired 
sternals are described in Homalocephale calathocercos and Goyo- 
cephale lattimorei. The sternals are elongated, transversely narrow 
with a slightly thickened distal articular end, and a medially 
expanded thin proximal end. The combined length of the 
humerus and radius of S. validum, G. lattimorei, and Wannano- 
saurus yansiensis is slightly greater than one-fourth the length 
of the hindlimb (femur + tibia). The humerus is bowed with a 
twisted shaft (approximately 20°; fig. 21.4). The humeral head is 
weakly developed. The deltopectoral crest is low, and the distal 
condyles are only slightly separated. The ulna is about half the 
length of the humerus and has a low olecranon process. The ra- 
dius is stouter than the ulna. The structure of the manus is not 
known in Pachycephalosauria. 

The complete articulated pelvis is known only in Homalo- 
cephale calathocercos (fig. 21.4); some pelvic fragments are also 
known in Stegoceras validum, Prenocephale prenes, Goyocephale lat- 
timorei, Wannanosaurus yansiensis, Micropachycephalosaurus hong- 
tuyanensis, and Stenopelix valdensis. The most characteristic fea- 
tures of the pelvis are its great transverse width and the almost 
complete exclusion of the pubis from the acetabulum. The last 
character is due to the additional, cranial contact of the ischium 
and ilium by means of the extended pubic peduncle of the is- 
chium. This process closes the acetabulum centrally. Moreover, 
the ventral (ischial) rim of the acetabulum is shifted medially 
with respect to the dorsal border of the ilium, leaving the ven- 
tral half of the acetabulum unsupported. The pelvis of G. latti- 
morei is broader than that of H. calathocercos. 

The pachycephalosaurian ilium, with the exception of Steno- 
pelix valdensis, is characterized by a gently sigmoidal dorsal mar- 
gin. The dorsoventrally flattened preacetabular process of the 
ilium is broad and horizontal. The postacetabular process is 
high and vertical, and bears a horizontally expanded medial 
flange immediately behind the acetabulum. This medial flange 
is craniocaudally short in Goyocephale lattimorei, long in Homa- 
locephale calathocercos, and absent in Stenopelix valdensis. The 
shape of the postacetabular process varies in pachycephalo- 
saurians in both height and curvature; it is subrectangular in 
G. lattimorei, arched downward in H. calathocercos, and cau- 
dally pointed in Micropachycephalosaurus hongtuyanensis. All lack 
a supracetabular process. The pubic peduncle of the ilium is 
comparatively long and widened transversely. The small, 
medialmost corner of its articular surface contacts the pubic 
process of the ischium. The outer portion of this surface articu- 
lates with the pubis. The ischial peduncle of the ilium is also 
transversely broad and robust, and has a rough lateral protuber- 
ance. Consequently, the dorsal half of the acetabulum is wide, 
while its ventral surface faces slightly laterally. On the medial 
border of the ilium, cranially to the medial flange, there are 
facets for the fourth and fifth sacral ribs. 

An incomplete, small pubis is preserved in Homalocephale 
calathocercos and Stenopelix valdensis. The prepubic process is 
flattened dorsoventrally near the acetabulum and laterally flat- 
tened distally. The dorsal margin of the prepubic process is raised 
cranially. Judging from the preserved portion, the pubic shaft 
is thin and short, and the pubis is practically excluded from the 
formation of the acetabulum. 

The ischium has a long and slender shaft that is weakly bowed 
and slightly curved inwardly toward its fellow. Immediately be- 


low the contact between the ischium and the pubic peduncle 
of the ilium, the long cranial process of the ischium bears a 
common articular facet for the distal ends of sacral ribs 2 and 3. 
Caudally, the ischium displays a flat articular facet for the lower 
portion of sacral rib 4. The ischium of Stenopelix valdensis differs 
from that in other pachycephalosaurians in being massive and 
strongly curved (Sues and Galton 1982). 

The femur is preserved in Homalocephale calathocercos, Preno- 
cephale prenes, Micropachycephalosaurus hongtuyanensis, Wannano- 
saurus yansiensis, and Stegoceras validum, and in all cases the 
bone is recurved medially (fig. 21.4). The femoral head is com- 
paratively long and compressed craniocaudally. The articular 
surface of the head faces dorsally and slightly cranially. A deep 
groove separates the head from the greater trochanter, but the 
entire trochanteric area is not preserved. The fourth trochanter 
is moderately developed and slightly pendent. It lies entirely 
within the proximal half of the bone. In M. hongtuyanensis, the 
fourth trochanter is more proximal than in other species. Shal- 
low extensor and flexor grooves separate the distal condyles. 
The lateral condyle is larger than the medial one. 

The tibia slightly exceeds the femur in length and has a slen- 
der shaft. Its lateral distal condyle is more prominent than the 
medial condyle. The fibula, well preserved in Stegoceras validum, 
is slender. Of the proximal tarsals, only the astragalus is known 
(in Homalocephale calathocercos). Its upper margin rises slightly 
on the central aspect of the cranial face of the tibia. Two distal 
tarsals are preserved in Goyocephale lattimorei. Distal tarsal 1, 
which is small and semilunar, covers metatarsal I] and a small 
part of metatarsal III. Distal tarsal 2 is subquadrate and caps 
metatarsal III, half of metatarsal IV, and medially a part of distal 
tarsal 1. 

The metatarsals and pedal phalanges are poorly preserved 
in Pachycephalosauria, but, as may be judged from the preserved 
parts in Stegoceras validum, Homalocephale calathocercos, and Goyo- 
cephale lattimorei, there are four metatarsals in these dinosaurs. 
The foot most probably had three functional digits. The first digit 
is strongly reduced and the fifth apparently wanting. The pedal 
unguals are tapered but not distinctly recurved, with flat plan- 
tar sides. The ungual of the third toe is the most robust. 


Systematics and Evolution 


Pachycephalosaurians have been recognized as a monophyletic 
taxon since the 1940s (incorrectly as Troodontidae by Brown 
and Schlaikjer 1943; correctly as Pachycephalosauridae by Stern- 
berg 1945), although their relationships with other ornithischi- 
ans were originally obscured by the shroud of paraphyly among 
many of these groups. Once thought to have a close relationship 
with Ornithopoda (most recently by Wall and Galton 1979), 
Pachycephalosauria sensu Maryanska and Osmolska (1974) is 
now known to be one of the two stem taxa comprising Margin- 
ocephalia (Sereno 1997), the other stem clade being Ceratopsia. 

Sereno (1986; see also 1997, 1998, 1999a, 1999b, 2000) and 
Sues and Galton (1987), the only two comprehensive studies of 
the relationships of pachycephalosaurians, differ in the recog- 
nition of amonophyletic Homalocephalidae (flat-headed pachy- 
cephalosaurians originally identified by Dong [1978]) by Sues 
and Galton (1987). In order to evaluate this claim and to provide 
a more comprehensive taxon and character coverage, a numeri- 
cal cladistic analysis was conducted using PAUP*4.0b2 for the 
Macintosh. These analyses were based on ten terminal species dis- 
tributed throughout Pachycephalosauria, using 35 cranial, den- 
tal, and postcranial characters polarized by successive outgroup 
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FIGURE 21.5. Cladogram of Pachycephalosauria. Strict consensus of 
27 trees: L= 43 steps, CI=0.814, RI= 0.900, RC = 0.739. 


comparisons with Ceratopsia and Ornithopoda. The resulting 
character-taxon matrix is approximately 65% complete. 

The aforementioned characters are highly biased toward 
those of the cranium and, of those, to the less destructible thick- 
ened skull roofs and domes. Among all pachycephalosaurians, 
postcrania are more or less adequately known in only three 
species, while seven species are known solely from fragmentary 
skull material. As a consequence, postcranial skeletal variation is 
largely unknown in Pachycephalosauria and poorly represented 
in the character-taxon matrix. These characters were analyzed 
using the branch-and-bound and ACCTRAN options of PAUP 
to retrieve the most parsimonious tree(s) from the data at hand, 
all rooted to a hypothetical outgroup. 

Analysis of the data matrix resulted in 27 trees: L= 43 steps, 
CI = 0.814, RI = 0.900, and RC = 0.739. The strict consensus of 
these trees is given in figure 21.5. Our analysis amply demon- 
strates amonophyletic nature of Pachycephalosauria. Diagnosis 
of the clade comprising the ten terminal members that were 
analyzed here is given at the beginning of this chapter. 

Formerly, Pachycephalosauria was thought to be divisible 
into the flat-headed Homalocephalidae and the dome-headed 
Pachycephalosauridae (Dong 1978; Perle et al. 1982; Sues and 
Galton 1987; Maryaniska 1990). However, our cladistic analysis, 
like that of Sereno (1986) failed to recognize a monophyletic 
Homalocephalidae at the base of the pachycephalosaur tree. 
Instead, a serial arrangement of terminal taxa with ever-closer 
relationships can be identified from Wannanosaurus to an un- 
resolved clade consisting of Tylocephale, Prenocephale, and Pachy- 
cephalosaurus. Some of these internal clades have been formally 
recognized by Sereno (1986). Thus, Goyocephala consists of the 
most recent common ancestor of Goyocephale and Pachycephalo- 
saurus and all the descendants of this common ancestor. Mem- 
bers of Goyocephala share reduced supratemporal fenestrae 
(reversed in Ornatotholus), exclusion of the frontal from the 
supratemporal fenestra by the parietal and postorbital, inter- 
digitation of the postorbital-jugal joint, tubercles on the angu- 
lar and surangular, and a rectangular postacetabular process on 
the ilium. Other features may also diagnose this clade, but they 
are not preserved in material of Wannanosaurus. 
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Within this clade, the most recent common ancestor of 
Homalocephale and Pachycephalosaurus and all of its descendants 
comprise Homalocephaloidea. Homalocephaloids share a broad 
parietal between the supratemporal fenestrae, a broad medial 
process on the ilium, and possibly the lack of participation of 
the quadratojugal in the ventral margin of the lower temporal 
arch. 

Our analysis recognized two successively more restricted clades 
within Homalocephaloidea. The first, as yet unnamed, whose 
terminal taxa include Ornatotholus, Stygimoloch, Stegoceras, Tylo- 
cephale, Prenocephale, and Pachycephalosaurus, is diagnosed by 
doming of the skull roof. The second, also unnamed, consists 
of the clade of all of these terminal taxa with the exception of 
Ornatotholus (i.e., the most recent common ancestor of Stygi- 
moloch and Pachycephalosaurus and all of its descendants); di- 
agnostic features include obliteration of the interfrontal and 
frontal-parietal sutures and full closure of the supratemporal 
fenestrae. 

Thereafter is an unresolved relationship among the two 
species of Stegoceras and a clade formed by Tylocephale, Preno- 
cephale, and Pachycephalosaurus, together forming a clade that 
corresponds most closely to Sternberg’s (1945) Pachycephalo- 
sauridae (later termed Tholocephalidae by Sereno 1986). In- 
clusion of the nasals and medial process of the postorbitals into 
the dome and possible ornamentation on the quadratojugal 
constitute diagnostic features of this clade. Finally, Tylocephale, 
Prenocephale, and Pachycephalosaurus form an unresolved clade 
that may, on resolution, be equivalent to Sereno’s (1986) Do- 
mocephalinae. This clade shares the loss of the lateral and cau- 
dal shelves and inclusion of the frontals, parietals, postorbitals, 
and squamosals in the dome. We reject the new combination 
of Prenocephale edmontonensis and P. brevis (Sullivan 2000) as 
poorly documented and not supported in our phylogenetic 
analysis. 

This topology is in general accord with that of Sereno (1986, 
1997, 1998, 1999a, 1999b, 2000) and other authors, with one im- 
portant exception. First, the present analysis placed Stygimoloch 
lower on the tree than did Goodwin et al. (1998) and Sereno 
(1999a, 2000). Stygimoloch may well have a higher position, per- 
haps within Pachycephalosauridae, but lacks features that have 
been found by the present analyses to diagnose the latter clade 
(inclusion of the nasal and medial portion of the postorbital 
into the dome and presence of a distinct supraorbital 1 element 
is not documented). 

Several potentially important taxa were not included in our 
analyses because they were significantly less complete than 
the better represented pachycephalosaurians. These include 
Stenopelix, Yaverlandia, Gravitholus, and Micropachycephalosaurus. 
Based on an a posteriori evaluation of their respective positions 
on the tree topology described above, Stenopelix is a member of 
Pachycephalosauria based on the possession of elongate sacral 
ribs and a pubis that is nearly excluded from the acetabulum. 
However, it lacks a medial process on the ilium and a sigmoidal 
dorsal iliac margin, features found in all remaining pachy- 
cephalosaurians for which this region is known. Consequently, 
Stenopelix is probably best placed as the basalmost member of 
Pachycephalosauria. 

Along the same lines, Yaverlandia, Micropachycephalosaurus, 
and Gravitholus can be placed in a similar a posteriori way. As 
concerns Yaverlandia, the skull roof is thickened, but not partic- 
ularly domed, and the frontals form part of the orbital margin, 
a plesiomorphic condition for pachycephalosaurians. Because it 
bears no other features used in this analysis, Yaverlandia either 
has an unresolved relationship with the Wannanosaurus + Goyo- 


cephala clade or constitutes an unresolved pachycephalosaur at 
its basal node with Stenopelix. 

Because ofits thickened skull roof, Micropachycephalosaurus— 
like Yaverlandia—has an unresolved basal position among pachy- 
cephalosaurians. With further information it may be resolvable, 
but as the supratemporal fenestrae are unreduced in Micropachy- 
cephalosaurus (Dong 1978), such resolution is unlikely to extend 
within Goyocephala, the next most inclusive clade. 

In Gravitholus, the domed skull roof indicates at the least 
that this form belongs in the unnamed clade whose terminal 
taxa are limited to Ornatotholus, Stygimoloch, and Pachycephalo- 
sauridae. Furthermore, the obliteration of the interfrontal su- 
ture suggests that it may be an unresolved member of the un- 
named clade whose terminal members consist of Stygimoloch + 
Pachycephalosauridae. 


Pachycephalosaurian Biostratigraphy, 
Paleoecology, and Paleobiology 


Distribution in Time and Space 


All pachycephalosaurians are known from the latter part of 
the Upper Cretaceous, with the exception of the Early Creta- 
ceous Yaverlandia and Stenopelix. There is some question as to 
whether Goyocephale is known from the late Santonian or early 
Campanian, but all other taxa are either from the Campanian 
or Maastrichtian. 

With the revelation that Majungatholus from Madagascar is 
a theropod (Sampson et al. 1998), pachycephalosaurians show a 
more limited global distribution. With the exception of Yaver- 
landia (reported from the Isle of Wight, England) and Stenopelix 
(from Lower Saxony, Germany) all other taxa are known from 
either western North America or Asia. Asian forms include all the 
basal, flat-headed taxa (Goyocephale, Homalocephale, Wannano- 
saurus, and Micropachycephalosaurus) as well as “higher” forms 
(e.g., Prenocephale and Tylocephale). North American taxa include 
Gravitholus, Ornatotholus, Pachycephalosaurus, Stegoceras validum, 
S. edmontonense, and Stygimoloch. 

When these general patterns are optimized onto the strict 
consensus cladogram described above, the area of origin for the 
entire clade is in Asia. The a posteriori addition of Stenopelix 
and Yaverlandia obscures the clarity of an Asian origin, but further 
comparisons outside the clade (i.e., with Ceratopsia) suggest 
that the European occurrences must be due to dispersal from the 
source area prior to the Berriasian (the age of Stenopelix). There- 
after, two other dispersals are required to account for pachy- 
cephalosaurian geographic and phylogenetic distributions. 
The first—dispersal from Asia to North America—involved the 
common ancestor of the unnamed clade whose terminal taxa 
include Ornatotholus, Stygimoloch, Stegoceras, Tylocephale, Preno- 
cephale, and Pachycephalosaurus. The most likely dispersal route 
was via Beringia (see also Sereno 1999c); the time of this dis- 
persal must have been prior to the late Santonian or early Cam- 
panian (judged from the age of Homalocephale). The second 
dispersal event—from North America back to Asia—involved the 
most recent common ancestor of Prenocephale and Tylocephale 
and probably occurred prior to the middle Campanian (the age 
of Tylocephale). Thus in Asia, there are two successive waves of 
pachycephalosaurian evolution: the first consisting of the earli- 
est half of the phylogeny of the clade, and the second comprising 
the reintroduction from North America of the common ances- 
tor of two of the terminal taxa of the clade. 


General Paleobiology 


Maryanska and Osmolska (1974), Maryanska (1990), and Fas- 
tovsky and Weishampel (1996) presented detailed discussions 
of the general paleobiology and paleoecology of pachycephalo- 
saurians. These ornithischians were bipedal herbivores with 
unspecialized teeth. The pachycephalosaurian neck was prob- 
ably thick and short and the weakly curved dorsal ribs, broad 
pelvis, widely spaced femora, and unusually long ribs on the 
proximal caudal vertebrae indicate that these ornithischians 
had a bulky trunk and a heavy tail. The tail was additionally re- 
inforced through a basketwork of ossified tendons. The trunk 
was held rigid by the groove-and-ridge articulation of the zyga- 
pophyses of the dorsal vertebrae. Only the most proximal por- 
tion imparted lateral flexibility to the tail; its more distal part 
was rigid. This structure indicates that the vertebral column was 
held nearly horizontal while the animal walked, with the tail 
acting as a counterbalance to the front half of the body. 

Heterodonty in the group includes the most mesial pre- 
maxillary teeth with a peglike morphology and, in some species, 
the last enlarged as a caninelike tooth. Otherwise, the cheek 
teeth are triangular with denticles along the mesial and distal 
margins. Fastovsky and Weishampel (1996) suggested that the 
premaxillary teeth were used for food gathering and gripping 
and the cheek teeth for simple chewing and processing. The 
wide rib cage suggests the presence of a fermentation vat for fi- 
nal digestion of the food and the construction of the pelvis and 
vertebral column indicate that hindgut structures may have mi- 
grated more caudally compared with ceratopsians and ornitho- 
pods. Maryanska and Osmolska (1974) noted that there are dif- 
ferences in the wear patterns on the teeth of pachycephalosaurian 
species, perhaps indicating variation in food preference. A gen- 
eral diet of leaves, stems, seeds, fruits, and perhaps insects is most 
reasonable and the small size of pachycephalosaurians suggests 
that they were low browsers. 

The large orbits face rostrolaterally and are protected by an 
orbital shelf dorsally. These features, together with a large optic 
nerve (c.n. II), suggest that vision played an important role in the 
life of pachycephalosaurians. The endocranial casts of most 
pachycephalosaurian skulls are also characterized by having large 
olfactory peduncles and large olfactory lobes, which speaks 
strongly for these animals having had a good sense of smell. 
Where did pachycephalosaurians live relative to other, contem- 
porary dinosaurs? Their apparent rarity suggests that they prob- 
ably lived more distal to the rivers and coastlines than the more 
common ceratopsians and ornithopods (Dodson 1971, 1983). 
North American taxa are known from isolated domes that often 
show surface exfoliation and other evidence of transport. Ac- 
cording to Dodson (1983), an intense taphonomic bias against 
the preservation of articulated skeletons of Stegoceras validum is 
responsible for preservation of only thickened skull cups in the 
sediments of the Dinosaur Park Formation (= Judith River For- 
mation) of Alberta, Canada. The abundantly represented, iso- 
lated pachycephalosaurian skull remains in this formation were 
deposited in fluvial sediments under a seasonal warm temper- 
ature or possibly subtropical climate. Asian forms tend to have 
more elements preserved, sometimes in articulation, which 
clearly suggests a different paleoenvironmental context (Grad- 
zinski 1970; Gradzinski and Jerzykiewicz 1974; Gradzinski et al. 
1977), but even so the taxa still tend to be rare. The Baruungoyot 
Formation, which yielded the skull of Tylocephale gilmorei, con- 
sists of alternating eolian dunes and interdune deposits, sedi- 
ments of small lakes and streams, and deposits of playas, which 
were probably deposited in a hot and semiarid climate. 
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Homalocephale calathocercos and Prenocephale prenes, both pre- 
served with parts of a postcranial skeleton, were found in fluvial 
sediments of Nemegt Formation. Rapid sedimentation during 
seasonal floods created favorable conditions for the preserva- 
tion of bony material (Gradzinski 1970). The petrographic fea- 
tures of the Nemegt Formation suggest a warm, seasonal, and 
humid climate. Recent years have seen a great increase in the 
collection of pachycephalosaur fossils from North America, in- 
cluding more articulated material, but most of these have yet to 
be described and much is in private hands. Consequently, this 
picture of pachycephalosaurian habitat preference and abun- 
dance may evolve considerably over the next decade; these 
thick-headed dinosaurs may turn out to have been more com- 
mon than is currently thought. 


Sexual Dimorphism 


Surprisingly, despite their rarity, pachycephalosaurians, specifi- 
cally Stegoceras validum, provide one of the most well-established 
cases of sexual dimorphism in Dinosauria (Chapman et al. 1997). 
Brown and Schlaikjer (1943) were the first to designate sexual 
dimorphs for pachycephalosaurians, specifically for Stegoceras, 
based on the presence of two kinds of domes. The more rugose 
form with a well-developed squamosal shelf was interpreted 
as male, the shelf possibly representing an additional display 
structure (perhaps more common in males). In contrast, the 
smoother form that lacked a shelf was regarded as female. How- 
ever, it was Galton (1971c) who first suggested that the squamosal 
shelf was lost as the dome developed to its largest extent, imply- 
ing that the animals without the shelf would then most prob- 
ably be the males. Maryanska and Osmolska (1974) expressed 
some concern that this absence of a shelf might then suggest 
that Prenocephale prenes and Homalocephale calathocercos were 
dimorphs of a single taxa (since they came from the same hori- 
zon), but argued convincingly that there were significant char- 
acters separating these two forms as different taxa. They also 
argued, following Galton (1971c), for a detailed analysis of 
Stegoceras validum, the only taxon based on many individuals, to 
document whether sexual dimorphism really existed in pachy- 
cephalosaurians. Goodwin et al. (1998) suggested that the pres- 
ence of a squamosal shelf in Stegoceras is more a juvenile char- 
acter rather than an indication of sexual dimorphism. 

This more detailed morphometric analysis of pachycephalo- 
saur sexual dimorphism was carried out by Chapman etal. (1981), 
who studied 23 domes of Stegoceras validum, as well as six domes 
from other taxa. Their analyses used standard bivariate allo- 
metric methods and multivariate techniques, and the variables 
included general size and dome and braincase measurements. 
The results provided a strong case for two morphs (termed 
phena) in S. validum, one witha larger dome relative to braincase 
size than the other. Using braincase size as an indicator of age, 
two different dome sizes for any one age were identified within 
the population. The larger and smaller domed morphs were 
thought to represent males and females, respectively. This dif- 
ference in dome size occurred through a simple allometric 
mechanism, a small increase in the growth rate of the dome it- 
self relative to the braincase. This approach has yet to be applied 
to any other forms within the group, mostly owing to the lack 
of material. However, other morphometric analyses of cranial 
shape in pachycephalosaurians are available from Chapman 
(1990) and Goodwin (1990). The Stegoceras example suggests 
that sexual dimorphism should be present and distinct in many 
pachycephalosaurians; recent undescribed discoveries also 
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suggest that this is the case, at least for Pachycephalosaurus and 
Stygimoloch. Although some of the specimens used by Chap- 
man etal. (1981) will probably be recognized as not belonging to 
Stegoceras, the general indication of the patterns of variation in 
small pachycephalosaurs from the time and place, as well as the 
apparent sexual dimorphism, should still be robust. 


Function of the Dome 


The functional significance of the thickened, often domed skull 
roof is easily the most controversial area of pachycephalosaur bi- 
ology, often entailing a great deal of speculation. Colbert (1955, 
1969) made passing suggestions that the dome might have been 
used as a battering ram, but did not elaborate further. The first 
suggestion of its possible function for intraspecific combat was 
made by the science fiction author Sprague de Camp (1956), 
and this interpretation was later discussed in detail by Galton 
(1970a, 1971c), complete with a dynamic illustration in the for- 
mer of two head-butting Stegoceras by R. T. Bakker. Independent 
of these interpretations, the Russian paleontologist Davitashvili 
(1961) also suggested that the dome in pachycephalosaurians 
might be a structure useful for sexual display and/or combat, a 
suggestion later reiterated by Molnar (1977). Sues (1978b) sup- 
ported the head-butting hypothesis with biomechanical models 
using photoelastic plastics and polarized light, following the 
model developed by Barghusen (1975) for tapinocephalid dino- 
cephalians. However, Sues (1978b) also suggested (in more detail 
later in Sues and Galton [1987]) that flank butting may be the 
preferred model. 

The distinct sexual dimorphism in Stegoceras identified by 
Chapman et al. (1981) implies that the dome functioned within 
the context of agonistic behavior (sexual display or combat) 
rather than for interspecific defense. This hypothesis is the most 
accepted general model for the function of pachycephalosaur 
skull roof thickening and doming at this time. However, dis- 
cussion now focuses on whether the dome was used for head- 
to-head butting or flank butting, or only for sexual display. 
Arguments center around the morphology of the dome, the 
morphology of the cervical vertebrae and the orientation of 
the neck based on undescribed material, the microstructure of 
the bone in the dome, and the nature of the potential butting 
that occurred, if any, and the size of the forces that would be 
generated. 

Sues (1978a; see also Sues and Galton 1987), for example, fa- 
vored flank butting based on the lack ofa correcting mechanism 
in the dome morphology to avoid glancing blows, and Carpen- 
ter (1997c) developed this argument further. Goodwin et al. 
(1998) and Horner and Goodwin (1998) noted that Carpenter’s 
(1997c) reconstruction of Stygimoloch was inaccurate, and from 
their own reconstruction argued that the dome functioned as a 
display structure based simply on the high degree of vascular- 
ization of the bone that makes up the dome (also discussed in 
Galton and Sues [1983]). Owing to the patterns of vascularity 
they inferred from sectioned pachycephalosaur domes, Good- 
win et al. (1998) and Horner and Goodwin (1998) interpreted 
the microstructure of the domeas precluding either front or side 
impacts. Consequently, they favored a display function only. 
However, the complex nature of the microstructure observed 
by Horner and Goodwin (1998) still suggests that more data are 
needed before there can be any general interpretation. 

Goodwin et al. (1998) also followed Sues and Galton (1987) 
and suggested that aspects of the morphology of the dome in 
Stygimoloch and Stegoceras precluded head-to-head butting. How- 


ever, many of the cranial and postcranial characters originally 
described by Galton (1971c), Maryariska and Osmolska (1974), 
and Sues (1978b) indicated to those authors that impact forces 
would have been transmitted from the head through the body. 
These features include the shortening of basicranium, rostral 
inclination and vertical expansion of the occipital region, and 
the tongue-and-groove articulation between the zygapophyses 
of the dorsal vertebrae. The strong medial extension of the caudo- 
dorsal wall of the acetabulum probably stabilized the hindlimbs 
during combat. The femoral head would have pressed caudo- 
dorsally against the acetabular wall, while the rigid vertebral 
column sloped down and forward. In this way, forces produced 
by impact would have been transmitted directly to the strength- 
ened pelvic region. Moreover, the forces generated by head 
butting are smaller than previously thought (Alexander 1989, 
1997) and could easily have been absorbed and transmitted by 
pachycephalosaurian domes. Alexander (1989, 1997) also argued 
that the rounded domes would have been better adapted for 
head-to-head butting than for flank butting, and that the con- 
sequences of glancing blows would have been minor. Using three- 
dimensional morphological models built by digitizing pachy- 
cephalosaur domes and casts of domes, Chapman et al. (1998) 
showed that glancing blows would not have occurred frequently 
and that even highly domed morphologies could butt head to 
head with no more problem than lesser-domed pachycephalo- 
saurs. Virtual manipulation of the computer models and physical 
manipulation of the casts show, in contrast to Carpenter (1997c) 
who used a single two-dimensional reconstruction, that the im- 
pact surfaces are not overly small when three-dimensions are avail- 
able, suggesting glancing blows would not be overly common. 

Classic analyses of intraspecific agonistic behavior in mam- 
mals (e.g., Geist 1966a, 1966b; Schaffer 1968) suggest two tran- 
sitions during evolution from flank attacks (also known as broad- 
side engagements), to head-to-head combat, and finally to more 


display-dominated interactions as the weaponry became more 
and more complex (viz. Geist 1966a:fig. 15). The variation in 
dome shape observed in pachycephalosaurs, from flat-headed 
forms such as Homalocephale, to more rounded and pronounced 
domes in taxa such as Pachycephalosaurus, Prenocephale, and 
Stegoceras, to highly vaulted forms such as Stygimoloch (viz. 
Goodwin et al. 1998) suggests the possibility that the modes of 
intraspecific combat exhibited by pachycephalosaurs might also 
be similarly variable to that seen among agonistic mammals. 
Alexander (1989) has already suggested that flat domes are far 
better suited for flank attacks, whereas the more rounded domes 
would be better suited for head-to-head combat. As Goodwin et 
al. (1998) pointed out, the highly vaulted dome of Stygimoloch 
may not have allowed head-to-head combat and as such might 
simply reflect display. Superimposing these behaviors on our 
cladogram (fig. 21.5) suggests a transition in pachycephalosaurs 
similar to that seen in some mammal lineages: basal forms 
showing flank attacks, with most later forms exhibiting head- 
to-head combat, and one taxon—Stygimoloch—evolving display 
interactions as a behavioral apomorphy. 

Clearly, arguments about the function of the dome will con- 
tinue as specific functional arguments, following predictions 
made by Barghusen (1975), Sues (1978b), Sues and Galton (1987), 
Carpenter (1997c), Goodwin et al. (1998), and Chapman et al. 
(1998), are tested and new specimens are made available. It is 
also conceivable, and perhaps probable, that pachycephalo- 
saurians demonstrated a complex evolution of different styles 
such as that seen in mammals, where flank butting tended to 
evolve into head-to-head combat in some lines and, subse- 
quently, to noncontact displays (Geist 1966b), a possibility also 
suggested by Goodwin et al. (1998). Such differences in poten- 
tial agonistic behavior among pachycephalosaurians suggest 
that discussion of these interpretations will be both ongoing 
and exciting. 
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TWENTY-TWO 


Basal Ceratopsia 


YOU HAILU 
PETER DODSON 


Ceratopsia consists of Psittacosauridae and Neoceratopsia, the 
latter formed by numerous basal taxa and Ceratopsidae. Con- 
sequently, this chapter on basal ceratopsians includes psittaco- 
saurids and nonceratopsid neoceratopsians. Psittacosauridae is 
a monogeneric (Psittacosaurus) clade consisting of 10 species, 
while basal Neoceratopsia is formed by 11 genera, with 12 species 
of basal Neoceratopsia being recognized (table 22.1). Psittaco- 
saurids are known from the Early Cretaceous of Asia, whereas 
basal neoceratopsians come from the latest Jurassic (Chaoyang- 
saurus youngi, Zhao et al. 1999; Swisher et al. 2002) to the latest 
Cretaceous in Asia and North America. Basal ceratopsians are 
small (1-3 m long), bipedal or quadrupedal herbivores (figs. 
22.1, 22.2). Several taxa are extremely abundant and are repre- 
sented by growth series from hatchlings to adults. Sexual di- 
morphism in Protoceratops is well supported (Dodson 1976; 
Lambert et al. 2001; Tereshchenko 2001). Basal neoceratopsians 
evolved larger skulls relative to their postcranial skeletons and 
more developed frills than psittacosaurids. 


Definition and Diagnosis 


Ceratopsia is defined as all Marginocephalia closer to Triceratops 
than to Pachycephalosaurus. Autapomorphies of this clade in- 
clude a high external naris separated from the ventral border 
of the premaxilla by a flat area, a rostral bone, an enlarged pre- 
maxilla, well-developed lateral flaring of the jugal, wide dorso- 
ventral length of the infraorbital ramus of the jugal, and con- 
tact of palatal extensions of the maxillae rostral to the choana. 


Anatomy 


The description below is based mainly on Psittacosaurus mongo- 
liensis (Sereno 1990b), Archaeoceratops oshimai (Dong and Azuma 
1997; You 2002; You and Dodson 2003), Protoceratops andrewsi 
(Brown and Schlaikjer 1940b; Dodson and Currie 1990), and Lep- 
toceratops gracilis (Sternberg 1951; Dodson and Currie 1990), as 
they include the best preserved and described specimens rep- 
resenting the major subgroups among basal ceratopsians. Ad- 
ditional comments on other taxa are also included and are dis- 
cussed further in the “Systematics and Evolution” section below. 


478 DINOSAUR SYSTEMATICS 


Skull and Mandible 


The skull of basal ceratopsians (figs. 22.3-22.5) is pentangular in 
dorsal view, with a narrow beak, a strong laterally flaring jugal, 
and a caudally extended frill. The beak is round in psittaco- 
saurids and pointed in basal neoceratopsians. The jugal horn 
is more pronounced in psittacosaurids than in basal neocera- 
topsians. The frill is incipient in psittacosaurids and small but 
variably developed in basal neoceratopsians. The preorbital 
portion of the skull is dorsoventrally deep, especially in psit- 
tacosaurids, and rostrocaudally short in both psittacosaurids 
and the most basal members of neoceratopsians such as Ar- 
chaeoceratops. 

The external naris is highly positioned, especially in psitta- 
cosaurids, bounded by the premaxilla ventrally and the nasal 
dorsally. Its shape is subrounded in psittacosaurids and Lepto- 
ceratops, but elliptical in Archaeoceratops and Protoceratops. The 
antorbital fossa or fenestra is not present in psittacosaurids, but 
a small opening is enclosed between the premaxilla and the 
lacrimal. In basal neoceratopsians, the shape of the antorbital 
fossa varies from subtriangular (Archaeoceratops) to elliptical 
(Protoceratops and Leptoceratops), usually with a small fenestra 
on the caudodorsal part of the wall. An additional antorbital 
fenestra is present in Bagaceratops between the premaxilla and 
the maxilla. The orbit is smaller than the infratemporal fenestra 
in psittacosaurids and the two are subequal in size in most neo- 
ceratopsians, but the orbit is larger than the infratemporal fen- 
estra in Archaeoceratops. 

The rostral in psittacosaurids is thin in sagittal section and 
forms a convex shield that caps a triangular surface on the con- 
joined premaxillae. Its rostroventral end is round in dorsal view 
and does not curve ventrally to form a pointed beak. The rostral 
also contacts the slender rostroventral processes of the nasals. 
In basal neoceratopsians, the rostral is strongly compressed 
transversely and extends rostrally beyond the rostral tip of the 
lower jaw. A sutural contact between the rostral and nasal is ab- 
sent. In Archaeoceratops and Protoceratops, the ventral edge of the 
rostral curves strongly rostroventrally to a point, while in Lepto- 
ceratops, the ventral edge is horizontal with a well-developed 
caudolateral process as long as it is high. 

The premaxilla is a characteristic element in psittacosaurids. 
The tall, parrotlike face of psittacosaurids is formed almost en- 


TABLE 22.1 


Basal Ceratopsia 


Occurrence 


Age 


Material 


Ceratopsia Marsh, 1890a 
Psittacosauridae Osborn, 1923a 
Psittacosaurus Osborn, 1923a 
(= Protiguanodon Osborn, 1923a) 
P. guyangensis Cheng, 1983 


P. mazongshanensis Xu, 1997 


P. meileyingensis Sereno, Chao, Cheng, 
et Rao, 1988 


P. mongoliensis Osborn, 1923a 
(=P. protiguanodonensis Young, 1958a, 
including Protiguanodon mongoliensis 
Osborn, 1923a) 


P. neimongoliensis Russell et Zhao, 1996 


P. ordosensis Russell et Zhao, 1996 


P. osborni Young, 1931 (including P. tingi 
Young, 1931) 


P. sinensis Young, 1958a 


P. xinjiangensis Sereno et Chao, 1988 


P. youngi Chao, 1962 


Neoceratopsia Sereno, 1986 
Archaeoceratops Dong et Azuma, 1997 
A. oshimai Dong et Azuma, 1997 


Bagaceratops Maryaniska et Osmolska, 1975 

(= Breviceratops Kurzanov, 1990b) 

B. rozhdestvenskyi Maryaniska et Osmolska, 
1975 (including Breviceratops kozlowskii 
[Maryariska et Osmolska, 1975]; Protoceratops 
kozlowskii Maryanska et Osmolska, 1975) 


Lisangou Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 

Xinminbao Group (Gansu), 
People’s Republic of China 

Jiufotang Formation 
(Liaoning), People’s 
Republic of China 

Khukhtekskaya Svita 
(Ovérkhangai), unnamed 
unit (Bayankhongor), 
Khulsyngolskaya Svita, 
Shinekhudag Svita 
(Dundgov’), 
Khukhtekskaya Svita 
(Dornogov’), Mongolia; 
Jiufotang Formation 
(Liaoning), unnamed unit 
(Nei Mongol Zizhiqu), 
People’s Republic of China; 
Shestakovskaya Svita 
(Gorno-Altayaskaya 
Avtonomnaya Oblast), 
Russia 

Ejinhoro Formation (Nei 
Mongol Zizhiqu), People’s 
Republic of China 

Ejinhoro Formation (Nei 
Mongol Zizhiqu), People’s 
Republic of China 

Lisangou Formation, 
Xinpongnaobao Formation 
(Nei Mongol Zizhiqu), 
People’s Republic of China 

Qingshan Formation 
(Shandong), People’s 
Republic of China 

Tugulu Group (Xinjiang 
Uygur Zizhiqu), People’s 
Republic of China 
Shestakovskaya Svita 
(Gorno-Altayaskaya 
Avtonomnaya Oblast), 
Russia 

Qingshan Formation 
(Shandong), People’s 
Republic of China 


Xinminbao Group (Gansu), 
People’s Republic of China 


Red Beds of Hermiin Tsav 
Baruungoyot Formation 
(Omnégov’), Mongolia 


?Aptian-Albian 


Barremian- 
Albian 

Early 
Cretaceous 


Aptian-Albian 


Early 
Cretaceous 


Early 
Cretaceous 


?Aptian-Albian 


?Aptian-Albian 


?Valanginian- 
Allbian 


?Aptian-Albian 


Aptian-Albian 


middle 
Campanian 


4 fragmentary individuals, 
one with partial skull 


One individual lacking caudals 
and hindlimb 
4 individuals, 2 complete skulls 


More than 75 individuals, 
including more than 
15 skeletons 


1 nearly complete skeleton and 
other fragmentary material 


Partial cranial material 


More than 3 individuals, jaw 
fragments, limb elements 


More than 20 individuals, 
5 complete skulls, 
3 articulated skeletons 
More than 10 individuals, 
including articulated 
skeleton with skull 


Partial skeleton with skull 


2 individuals lacking forelimbs 


5 complete skulls, 
20 fragmentary skulls, 
postcranial skeletons, 
juvenile to adult 


(continued) 


TABLE 22.1 (CONTINUED) 


Occurrence Age Material 
Chaoyangsaurus Zhao, Cheng, et Xu, 1999 
C. youngi Zhao, Cheng, et Xu, 1999 Tuchengzi Formation Tithonian Partial skull with mandible, 
(Liaoning), People’s cervicals, humerus, and 
Republic of China scapula 
Graciliceratops Sereno, 2000 
G. mongoliensis Sereno, 2000 Shireegiin Gashuun Cenomanian- Partial skull, skeleton 
Formation (Omnégov’), Santonian 
Mongolia 
Liaoceratops Xu, Makovicky, Wang, Norell, et 
You, 2002a 
L. yanzigouensis Xu, Makovicky, Wang, Yixian Formation Barremian 2 nearly complete skulls, 
Norell, et You, 2002a (Liaoning), People’s juvenile to adult 
Republic of China 
Leptoceratops Brown, 1914c 
L. gracilis Brown, 1914c Scollard Formation late 3 complete skulls, 2 partial 
(Alberta), Canada; Lance Maastrichtian skulls, skeletons 
Formation (Wyoming), 
Hell Creek Formation 
(Montana), United States 
Montanoceratops Sternberg, 1951 
M. cerorhynchus (Brown et Schlaikjer, 1942) St. Mary River Formation early Partial skull with associated 
(= Leptoceratops cerorhynchus Brown et (Montana), United States; Maastrichtian skeleton, second articulated 


Schlaikjer, 1942) 


Protoceratops Granger et Gregory, 1923 
P. andrewsi Granger et Gregory, 1923 


P. hellenikorhinus Lambert, Godefroit, Li, 
Shang, et Dong, 2001 


Udanoceratops Kurzanov, 1992 
U. tschizhovi Kurzanov, 1992 


Horseshoe Canyon 
Formation (Alberta), 
Canada 


Djadokhta Formation, 
?Beds of Alag Teeg 
(Omnégov’), Mongolia; 
Minhe Formation (Gansu), 
Djadokhta Formation, 
Minhe Formation (Nei 
Mongol Zizhiqu), People’s 


late Santonian 
or early 
Campanian 


specimen 


80 skulls, some skeletons, 
juvenile to adult 


Republic of China 

Djadokhta Formation ?lateSantonian Complete skull 
(Nei Mongol Zizhiqu) or early 
People’s Republic of China Campanian 


Djadokhta Formation 


?late Santonian 


Partial skull and postcranial 


(Omnégov’), Mongolia or early skeleton 
Campanian 
Zuniceratops Wolfe et Kirkland, 1998 
Z. christopheri Wolfe et Kirkland, 1998 Moreno Hill Formation, Turonian Partial cranial and postcranial 
New Mexico, United States materials of five individuals 
Nomina dubia Material 


Asiaceratops salsopaludalis Nessov, Kaznyshkina, et Cherepanov, 1989 


Kulceratops kulensis Nessov, 1995 

Microceratops gobiensis Bohlin, 1953 

Microceratops sulcidens Bohlin, 1953 

Psittacosaurus sattayaraki Buffetaut et Suteethorn, 1992 
Turanoceratops tardabilis Nessov, Kaznyshkina, et Cherepanov, 1989 


Teeth, cranial fragments, phalanx 
Fragmentary material 

Teeth, fragmentary jaws and postcrania. 
Tooth 

A fragment of maxilla and a partial dentary 
Fragmentary maxilla, ?horn core, ?rostral 


tirely from the expansive caudolateral process of the pre- 
maxilla, which contacts the lacrimal and the prefrontal caudally. 
In palatal view, the palatal process of the premaxilla arches from 
the lateral margin of the beak to the midline. The caudal exten- 
sion of the palatal process of the premaxilla does not reach the 
rostral margin of the choana and is separated from the vomer 
by the palatal extension of the maxillae in between. In basal neo- 
ceratopsians, the premaxilla is not as large as in psittacosaurids 
and is bounded by the rostral rostrally, the nasal dorsally, and 
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the maxilla caudally. In Archaeoceratops, the premaxilla is nearly 
square in lateral view, but higher than long in Protoceratops and 
longer than high in Leptoceratops. The caudolateral process of 
the premaxilla is not developed in Archaeoceratops, but is promi- 
nent in both Protoceratops and Leptoceratops. Unlike the flat ven- 
tral edge of Archaeoceratops and Protoceratops, the premaxilla is 
ventrally convex in Leptoceratops. In Bagaceratops, the caudal edge 
of the premaxilla surrounds an additional antorbital fenestra 
together with the maxilla caudally. 
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FIGURE 22.1. Psittacosaurus skeletons in right lateral view: A, Psittacosaurus neimongoliensis; B, Psittacosaurus mongoliensis. Scale = 10 cm. (A after 


Russell and Zhao 1996; B after Osborn 1924c.) 


In psittacosaurids, the maxilla is triangular in lateral view and 
situated with its caudal half underneath the orbit. It is largely 
bounded by the premaxilla rostrally and the jugal caudally, has 
a small contact with the lacrimal dorsally, and does not reach 
the nasal. In basal neoceratopsians, the maxilla is tall and forms 
about two-thirds of the height of the face. It sutures with the 
premaxilla rostrally and the lacrimal and the jugal caudally, and 
it has a small contact with the nasal dorsally. The premaxilla- 
maxilla suture is vertical in Archaeoceratops, but inclined in both 
Protoceratops and Leptoceratops. A prominent elliptical antorbital 
fossa with a small antorbital fenestra exists in most basal neo- 
ceratopsians, except in Archaeoceratops, in which the antorbital 
fossa is triangular and the antorbital fenestra is not evident. In 
Protoceratops and Bagaceratops, there is a prominent maxillary 
sinus that communicates with the antorbital fossa but not the 
nasal cavity (Osmolska 1986). 

The nasal of psittacosaurids is unusual in that a slender ros- 
tral process extends ventral to the external naris and reaches the 
rostral. In basal neoceratopsians, the nasal is long and narrow, 
but never extends beyond the rostral end of the external naris to 


contact the rostral bone. No horn-core is present in Archaeocera- 
tops and Leptoceratops (You, pers. obs.). An incipient nasal horn 
core is evident in Protoceratops, Bagaceratops (Maryanska and 
Osmolska 1975), and Udanoceratops (Kurzanov 1992), which is 
located caudodorsal to the external naris. 

The lacrimal of psittacosaurids is bounded by the prefrontal 
dorsally, the premaxilla rostrally, the maxilla ventrally, and the 
jugal caudoventrally. The lateral wall of the lacrimal canal re- 
mains only partially ossified, and the canal opens externally in 
a small pore about halfway along its passage from the margin 
of the orbit to the nasal cavity, which is bounded rostrally by 
the premaxilla. In basal neoceratopsians, the lacrimal is largely 
bounded by the prefrontal dorsally and the maxilla rostro- 
ventrally, and has a small contact with the nasal rostrally and the 
jugal caudally. Unlike in psittacosaurids, premaxilla-lacrimal 
contact is prevented because the expanded maxilla contacts the 
nasal dorsally. The rostroventral corner of the lacrimal usually 
contributes a small portion to the caudodorsal wall of the an- 
torbital fossa. The lacrimal of Leptoceratops is larger than those 
of other basal neoceratopsians. 
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FIGURE 22.2. Skeletons of basal Neoceratopsia in right lateral view: A, Archaeoceratops oshimai; B, Leptoceratops gracilis; C, Protoceratops andrewsi. 
Scale = 10 cm. (A after Dong and Azuma 1997; B after Russell 1970; C after Granger and Gregory 1923.) 


FIGURE 22.3. Skull of Bagaceratops rozhdestvenskyi: A, lateral; B, occipital; C, dorsal; and D, palatal views. Scale 
=5cm. (After Maryariska and Osmolska 1975.) 


The prefrontal borders the rostrodorsal rim of the orbit in 
both psittacosaurids and basal neoceratopsians. It is sur- 
rounded by the frontal, the nasal, the premaxilla, and the 
lacrimal in psittacosaurids, whereas the premaxilla is ex- 
cluded in basal neoceratopsians. 

The palpebral usually attaches to the caudal rim of the pre- 
frontal. In psittacosaurids, it isa short, dorsally arched rod asso- 
ciated solely with the prefrontal. In Archaeoceratops, the promi- 
nent palpebral is triangular with a caudally pointed end, and it 
articulates with both the prefrontal and the lacrimal. 

In both psittacosaurids and basal neoceratopsians, the dorso- 
ventral length of the jugal below the orbit is at least as long as 
that underneath the infratemporal fenestra. Although the flar- 
ing of the jugal characterizes both psittacosaurids and basal 
neoceratopsians, it shows different configurations in these two 
groups. In psittacosaurids, the breadth of the skull across the 
flaring jugal horns can be as long as or longer than the skull 
length, and the flaring projects from the midsections of the 
jugals; in basal neoceratopsians, the width of the skull across 
the flaring jugal horns never exceeds the basal skull length, 
and the flaring is usually directed caudolaterally from the cau- 
dal end of the jugal. The postorbital process of the jugal is short 
in psittacosaurids, but long and stout in basal neoceratopsians. 
In Protoceratops and Leptoceratops, there is an incipient jugal- 
squamosal contact around the rostrodorsal rim of the infra- 
temporal fenestra. The caudolateral end of the jugal is often 
thickened in basal neoceratopsians, and this thickening is usu- 
ally accentuated by an epidermal ossification, the epijugal, in 
Protoceratops and Leptoceratops, but not in Archaeoceratops. 

The large quadratojugal of psittacosaurids is located on the 
caudoventral corner of the skull. The rostral portion passes me- 
dial to the jugal, and the caudal portion covers the ventral half 
of the quadrate shaft in lateral view. In basal neoceratopsians, 
the quadratojugal is largely excluded from lateral view by the 
caudal extension of the jugal. It is a transversely thin element 


inserted between the jugal laterally and the quadrate medially. 
In Archaeoceratops, a trace of the quadratojugal is still visible lat- 
erally at the caudoventral end of the skull. 

The postorbital in psittacosaurids is a restricted element, 
with two rodlike, elongated processes, the jugal process and the 
squamosal process. In basal neoceratopsians, the jugal process is 
shortened and the squamosal process is stout. The enlargement 
of the jugal and the reduction of the infratemporal fenestra 
exclude contact between the postorbital and the infratemporal 
fenestra in Protoceratops and Leptoceratops. 

In basal ceratopsians, the paired frontals form a major por- 
tion of the cranium, border the orbit laterally, and constitute 
the rostral limit of the supratemporal fenestrae. In Psittaco- 
saurus, the dorsal surface of the frontal is restricted to the flat 
interorbital portion of the skull roof. In Protoceratops and Lepto- 
ceratops, a pair of modest frontoparietal depressions in adult 
specimens is associated with the rostral borders of the supra- 
temporal fenestrae, reflecting expansion of the attachments of 
the jaw adductor musculature. 

In psittacosaurids, the parietal roofs the braincase and forms 
the medial border of the supratemporal fenestra. It extends cau- 
dally over the occiput as a transversely broad shelf. In basal 
neoceratopsians, an incipient parietosquamosal frill extends be- 
hind the skull, which is simple and lacks the various decorations 
seen in ceratopsids. In Archaeoceratops, the frill is short, as indi- 
cated by the short squamosal, while in Leptoceratops it is short 
and unfenestrated. The frill of Protoceratops is moderately devel- 
oped and fan-shaped, tilting caudodorsally with a pair of pari- 
etal fenestrae near the caudal end. A median keel develops on 
the dorsal surface in both Protoceratops and Leptoceratops. 

In psittacosaurids, the squamosal forms a simple bar with 
the postorbital that separates the infra- and supratemporal fen- 
estrae and provides a cotylus for the head of the quadrate. A 
postquadrate extension of the squamosal developed in basal 
neoceratopsians. In Protoceratops, it runs caudodorsally along the 
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FIGURE 22.4. Skulls of Psittacosaurus. A, B, Psittacosaurus meileyingensis in lateral, A, and dorsal, B, views; 

C, D, Psittacosaurus mongoliensis in C, lateral, and D, dorsal views; E, F, Psittacosaurus neimongoliensis in E, lateral, 
and F, dorsal views; G, H, Psittacosaurus sinensis in G, lateral and H, dorsal views. Scale = 2 cm (A-F), 3 cm (G, H). 
(A-D, G, H after Sereno 1990b; E, F after Russell and Zhao 1996.) 


FIGURE 22.5. Skulls of basal 
Neoceratopsia. A, B, Chaoyangsaurus 
youngi in A, lateral, and B, dorsal 
views; C, D, Liaoceratops yanzigouensis 
in C, lateral, and D, dorsal views; E, F, 
Archaeoceratops oshimai in E, lateral, 
and F, dorsal views; G, H, Leptoceratops 
gracilis in G, G, lateral, and H, dorsal 
views; I, J, Bagaceratops rozhdestvenskyi 
in I, lateral, and J, dorsal views; K, L, 
Protoceratops andrewsi in K, lateral, and 
L, dorsal views; M, N, Protoceratops 
hellenikorhinus in M, lateral, and N, 
dorsal views. Scale = 3 cm (A-D), 4cm 
(E, F), 5 cm (G, H), 8 cm (I, J), 10 cm 
(K-N) (A, B after Zhao et al. 1999; C, D 
after Xu et al. 2002a; E, F after Dong 
and Azuma 1997; G, H after Sternberg 
1951; I, J, after Maryariska and 
Osm6lska 1975; K, L after Brown and 
Schlaikjer 1940b; M, N, after Lambert 
et al. 2001.) 


ventral margin of the parietal, with which it forms the lateral 
edge of the frill. In Leptoceratops, the postquadrate extension is 
not well developed, but extends ventrally to hook the head of 
the quadrate caudally. 

In psittacosaurids, the ventral half of the quadrate is erect 
and largely covered by the quadratojugal laterally. The dorsal 
half bends caudodorsally to contact the squamosal. In basal neo- 
ceratopsians, there is a progressive reorientation of the cheek. 
The ventral end of the quadrate is rotated forward, the infra- 
temporal fenestra is compressed, and the jugal, quadratojugal, 
and ventral quadrate are telescoped to lie side by side rather than 
in series rostral to caudal (Dodson 1993). 

In ventral view of the skull of psittacosaurids, a transversely 
arched secondary palate is present rostrally, formed principally 
by the premaxillae. Caudal to the choana, the remainder of the 
palate is composed of the palatine, pterygoid, and ectoptery- 
goid. The vomers, which fuse rostrally, arch in the midline from 
the secondary palate rostrally to the palatine and pterygoid 
caudally. The suborbital opening persists as a foramen between 
the palatal bones and the maxilla. An elongate flange of the 
pterygoid, the mandibular ramus, is directed caudoventrally 
toward the adductor fossa of the lower jaw. 

The palate of basal neoceratopsians is strongly vaulted both 
transversely and, in Bagaceratops at least, longitudinally as well. 
The choana is positioned far forward and oblique to the palatal 
plane due to the narrowness and vaulting of the snout (Osm6l- 
ska 1986). The secondary palate is short. The vomer is a straight 
median bar running between the pterygoids caudally and the 
palatal processes of the maxillae rostrally. It rises steeply caudo- 
dorsally to meet the rostrodorsally inclined longitudinal process 
of the palatine. This orientation divides the nasal cavity into 
narrow, paired channels (Osmolska 1986). The intervomerine 
suture remains prominent in Protoceratops and Bagaceratops. In 
Bagaceratops and Leptoceratops, there is a palatine foramen situ- 
ated between the pterygoid, ectopterygoid, and palatine. Ex- 
pansion of the palatine is accompanied by restriction of the ecto- 
pterygoid to a small, flattened bone on the dorsum of the caudal 
process of the maxilla. Contact of the ectopterygoid with the 
palatine has been lost in Leptoceratops. The pterygoid is a com- 
plex bone that retains its primitive role as a link between the 
quadrate and palate, with a brace on the braincase. In Proto- 
ceratops, a concavity passes across the ventral surface of the 
pterygoid adjacent to the basipterygoid articulation and onto 
the quadrate ramus. 

In psittacosaurids, the exoccipital and opisthotic are com- 
pletely fused. The combined element borders the foramen 
magnum and sends a narrow paroccipital process laterally and 
slightly caudally. The foramen magnum is bounded by the 
supraoccipital dorsally and the basioccipital ventrally. The plane 
of the occiput is nearly vertical. 

In basal neoceratopsians, the occiput is broad, and the ex- 
occipital forms a long, slender, straplike process that extends 
laterally to reach the squamosal, usually contributing to the 
support of the dorsal end of the quadrate. The exoccipitals do 
not roof the foramen magnum and make only a slight to mod- 
erate contribution to the occipital condyle. The supraoccipital 
forms the dorsal border of the foramen magnum, with a rostral 
extension that contacts the prootic and the laterosphenoid. The 
basioccipital is excluded from the foramen magnum by the ex- 
occipitals. The large size and spherical form of the condyle with 
its distinct neck is diagnostic of neoceratopsians. The caudal face 
of the prominent basal tubera is formed by the basioccipital, and 
there is a simple butt joint with the basisphenoid rostrally. The 
opisthotic, prootic, and laterosphenoid retain their usual mor- 
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phology and contact with adjacent bones. The orbitosphenoid 
is ossified in Bagaceratops, although it is rarely separate from the 
laterosphenoid due to early fusion of these elements. A pre- 
sphenoid is probably present as well. The parasphenoid is in- 
distinguishable from the basisphenoid. The basicranial complex 
is pierced on the midline by the auditory opening in neocera- 
topsians, except in Bagaceratops, in which the opening passes 
between the basioccipital and basisphenoid. 

The lower jaw of psittacosaurids is deep in lateral view. The 
predentary is subtriangular in lateral and ventral views, with 
short, weak lateral processes and a broad ventromedian process. 
The dentary extends caudally from the symphysis to the top 
of a moderately sized coronoid process. In Psittacosaurus mon- 
goliensis and P. meileyingensis, a low flange hangs ventro- 
laterally from the ventral margin of the dentary. The external 
mandibular fenestra is open, except in P. sinensis, and enclosed 
by the dentary, angular, and surangular. The articular surface 
on the lower jaw for the mandibular condyle of the quadrate is 
flat. The flat ventral surface of the jaw articulation may have fa- 
cilitated rostrocaudal sliding of the quadrate condyles during 
mastication. 

In basal neoceratopsians, the predentary is short and termi- 
nates sharply, tilting rostrodorsally. The dentary is deep and 
the ventral border is curved in Protoceratops, Leptoceratops, and 
Udanoceratops, but is straight in Archaeoceratops and Bagacer- 
atops. A strong lateral ridge runs the length of the dentary and 
is confluent with the coronoid process; thus, the tooth row is 
strongly inset and passes medial to the coronoid process. The 
dentary is thickest at the base of the coronoid process, where it 
surrounds the mandibular fossa in which M. intramandibularis 
is situated. The fossa is covered ventrally by an extensive sple- 
nial. The surangular is tall, contributing half to the coronoid. The 
angular is larger in Archaeoceratops than in both Protoceratops and 
Leptoceratops. 

Premaxillary teeth do not occur in psittacosaurids. Dentic- 
ulate maxillary and dentary crowns are positioned along the 
tooth rows with a small amount of overlap along the crown 
edges. Both upper and lower tooth rows are inset from the lateral 
surface of the skull by a buccal emargination. Maxillary and 
dentary teeth are approximately equal in size and number in 
any single individual. Tooth count increases during growth 
from 5 to 12 in Psittacosaurus mongoliensis. Adult tooth count 
varies from 8 to 12 among psittacosaurid species. In all species 
of Psittacosaurus, the buccal surface of the maxillary crown is 
flatter than the lingual surface. The buccal surface of dentary 
teeth is ornamented by a weak primary ridge that terminates at 
the apex of the crown and is flanked by a few weak secondary 
ridges. The lingual surface of the dentary crowns, in contrast, is 
dominated by a prominent median primary ridge. The primary 
ridge is bulbous near the crown base but tapers toward the apex 
of the crown and is flanked on either side by flat crescentic sur- 
faces with weak secondary ridges. All crown surfaces are covered 
with enamel, which is several times thicker on the buccal surface 
of the maxillary crowns and the lingual surface of the dentary 
crowns than on the opposing sides. The psittacosaurid denti- 
tion is characterized by broad planar wear surfaces with self- 
sharpening cutting edges. The wear surfaces of a single tooth 
row lie in approximately the same oblique plane (dorsomedial- 
ventrolateral) but do not form a continuous wear surface along 
the tooth row. Some crowns are truncated by a single wear sur- 
face, while others are truncated by two contiguous wear facets. 
A precise pattern of occlusion between the upper and lower 
tooth rows, such as alternate or tooth-to-tooth alignment, does 
not occur in psittacosaurids. 


Premaxillary teeth are present in Archaeoceratops, Protocera- 
tops, and Bagaceratops in the form of simple cylindrical pegs. The 
crowns of both maxillary and dentary teeth of basal neocera- 
topsians are leaf-shaped, enameled on one side (buccally and 
lingually, respectively), and bear a strong median ridge, usually 
but not always asymmetrically placed (distal and mesial on 
maxillary and dentary teeth, respectively). Secondary ridges are 
prominent. The crown is set at a high angle to the root, resulting 
in an occlusal plane that is steep (greater than 60°). In Leptocer- 
atops, the dentition uniquely combines vertical shear with a 
horizontal shelf on the dentary teeth, such that the functions 
of shear and crushing are combined (Sternberg 1951; Ostrom 
1966). Tooth replacement is primitive; there is a functional tooth 
with a single replacement tooth at each position. The number of 
maxillary tooth positions increases ontogenetically from 8 to 15 
in Protoceratops. The total number of tooth positions ranges from 
10 in Bagaceratops, to 15 in Protoceratops, to 17 in Leptoceratops. 

The slender stapes is preserved in two individuals of psit- 
tacosaurids. The length of the bony stapes equals the distance 
from the fenestra ovalis to the otic notch, which is formed ros- 
trally by the quadrate shaft and caudally by the paroccipital 
process and caudal process of the squamosal. Gently curving, 
rod-shaped first ceratobranchials are preserved in Psittacosaurus 
mongoliensis and P. sinensis. 

Hyoid bones have been described for Protoceratops andrewsi 
(Colbert 1945), and Leptoceratops gracilis (Sternberg 1951). In 
P. andrewsi, they havea flattened, bean shape; while in L. gracilis, 
they take the form of simple slender rods. 

Sclerotic rings are found in psittacosaurids, but rarely pre- 
served in basal neoceratopsians. A partial ring in Protoceratops, 
which contains 12 complete and 3 partial overlapping plates, 
was described by Brown and Schlaikjer (1940b). 


Postcranial Skeleton 


AXIAL SKELETON 


The principal divisions of the axial skeleton (fig. 22.1) appear to 
be uniform across all species of Psittacosaurus (Sereno 1990b). 
There are 21 presacrals, 6 sacrals, and approximately 45 caudals. 
In the presacral division, there may be as many as 8 or 9 cervical 
vertebrae in P. mongoliensis and P. sinensis. Distinction between 
cervical and dorsal vertebrae, in this case, is based on the posi- 
tion of the parapophysis. In dorsal vertebrae, the parapophysis 
is located above the neurocentral suture. 

Few neoceratopsians are known from complete vertebral 
columns. Leptoceratops is so known, while Protoceratops, known 
only to the level of caudal 32, has been estimated as having acom- 
plete caudal series of greater than 40 (fig. 22.2; Brown and Schlaik- 
jer 1940b). There is more certainty about the presacral and sacral 
portions of the column. The basal neoceratopsian vertebral for- 
mula usually consists of 10 cervicals, 12 dorsals, and 6-8 sacrals. 

A proatlas has not been observed in Psittacosaurus. The atlas 
is composed of four discrete elements: a lozenge-shaped cen- 
trum, a U-shaped intercentrum, and two neural arches. The 
axial centrum, longest in the cervical series, is fused rostrally to 
a small, wedge-shaped axial intercentrum in the adult. The 
axial neural spine is well developed, extending caudodorsally at 
approximately 45°. The centra of the postaxial cervicals are 
transversely pinched and bear low ventral keels. The change in 
shape of the postaxial centra from a trapezoid caudally to a par- 
allelogram cranially indicates that the neck assumed a gentle 
S-shaped curve in natural articulation. 


Coalescence of the centra and neural arches of the first cer- 
vicals to form a syncervical (Ostrom and Wellnhofer 1986) or 
cervical bar (Langston 1975) characterizes all neoceratopsians 
(fig. 22.6A). However, in Archaeoceratops the condition is not 
clear, and in Leptoceratops, the atlas is small, bearing no neural 
spine, and the first three cervicals co-ossify only when mature 
adult size is achieved. The neoceratopsian syncervical generally 
incorporates a fused atlas-axis complex as well as cervicals 3 
and 4. Cervicals 5 to 10 in basal neoceratopsians are subequal in 
length, and the neural spines are reduced. Adventitious fusion 
of cervicals 5 and 6 is reported in Protoceratops. Double-headed 
ribs are borne on all centra beginning with cervical 3. The tuber- 
culum is prominent, and the shaft is short and straight. Elonga- 
tion of the ribs usually begins with the sixth. 

As in the cervical centra, the articular surfaces in the dorsal 
centra of psittacosaurids are flat cranially and gently concave 
caudally. The dorsolateral angle of the transverse processes in- 
creases from approximately 35° in the cranial dorsals to approx- 
imately 40° in the mid-dorsals, before decreasing to the hori- 
zontal in the caudal dorsals. Freely articulating ribs occur in the 
presacral series. The long atlantal rib, like the two or three 
caudalmost dorsal ribs, is single-headed. The double-headed 
ribs of the axis and several of the cervicals that follow are short, 
extending only to the middle of the next centrum. The ribs of 
the caudal cervicals and cranial dorsals increase rapidly in length 
to a maximum between the fourth and seventh dorsals. Passing 
caudally from the first dorsal rib, the capitulum decreases in 
length as the parapophysis climbs the cranial edge of the trans- 
verse process. The last few dorsal ribs are short and rod-shaped. 

There are usually 12 long, low dorsals in basal neoceratop- 
sians. The centra faces are either round or pear-shaped. The neu- 
ral canal decreases in diameter caudally down the dorsal series. 
Transverse processes are strongly elevated by dorsal 3 but de- 
crease in prominence in the caudal half of the series, the region 
in which the zygapophyses increase in prominence. Neural 
spines are robust and generally show little variation in height. 
The tallest dorsal spine varies in position from dorsal 3 (Lepto- 
ceratops), to dorsal 9 (Protoceratops), and back to dorsal 12 (Mon- 
tanoceratops, Brown and Schlaikjer 1942). The cranial dorsal ribs 
are comparatively straight with a prominent tuberculum widely 
separated from the capitulum. In the mid-dorsal region, the ribs 
are more curved and the tuberculum less prominent. Caudally, 
the tuberculum is weak and closer to the rib head. The second to 
sixth dorsal ribs are subequal in length, after which there is a vari- 
able shortening caudally. The twelfth rib may be weak. Bundles 
of ossified epaxial tendons have been noted at the bases of the 
neural arches in the dorsal and sacral regions of Leptoceratops. 

There are six sacrals in psittacosaurids. The spool-shaped 
sacral centra are significantly longer than the adjacent dorsal 
and caudal centra. In adults, the sacral centra co-ossify but re- 
main separate from the last dorsal and first caudal. The first 
sacral centrum is particularly robust. Sacral neural arches are 
characterized by nearly vertically oriented zygapophyses and 
neural spines that remain separate in the adult. Ossified epaxial 
tendons are present along nearly the entire dorsal and sacral 
column in Psittacosaurus mongoliensis and P. xinjiangensis (Brink- 
man et al. 2001). In the latter species, the tendons extend along 
at least the proximal half of the tail. In P. sinensis, in contrast, os- 
sified tendons appear to be absent. In P. mongoliensis, individual 
tendons span approximately four or five vertebrae, intertwining 
without apparent order. The slender first sacral rib, fused proxi- 
mally to the transverse process of the first sacral, attaches dis- 
tally to the midsection of the preacetabular process of the ilium. 
The second to the sixth sacral ribs fuse to the sides of the sacral 
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FIGURE 22.6. Postcranial skeletal anatomy of basal ceratopsians: A, syncervical of Protoceratops andrewsi (left lateral view); B, sacrum 
and ilia of Montanoceratops cerorhynchus (dorsal view); C, left scapulocoracoid of Leptoceratops gracilis (lateral view); D, left humerus of 
Leptoceratops gracilis (caudal view); E, left ulna of Leptoceratops gracilis (medial view); F, left radius of Leptoceratops gracilis (cranial view); 
G, left manus of Protoceratops andrewsi (dorsal view); H, left manus of Leptoceratops gracilis (dorsal view); I, pelvis of Protoceratops 
andrewsi (left lateral view); J, left femur of Montanoceratops cerorhynchus (caudal view); K, left tibia of Montanoceratops cerorhynchus 
(cranial view); L, left fibula of Montanoceratops cerorhynchus (lateral view); M, left pes of Protoceratops andrewsi (dorsal view); N, left pes 
of Montanoceratops cerorhynchus (dorsal view); O, left pes of Graciliceratops mongoliensis (dorsal view). Scale = 10 cm. (A, G, I, M after 
Brown and Schlaikjer 1940b; B, J-L, N after Brown and Schlaikjer 1942; C- F, H, after Brown 1914b; O after Maryaniska and Osmolska 


1975.) 


centra. Each rib is offset slightly cranially from its respective ver- 
tebra, such that the corner of each rib fuses to the caudal corner 
of the next sacral centrum. 

The number of sacrals in basal neoceratopsians varies from 
six to eight. There are six sacrals in Archaeoceratops and Lepto- 
ceratops, seven in Graciliceratops (Maryanska and Osmolska 1975; 
Sereno 2000), and eight in Protoceratops and Montanoceratops 
(fig. 22.6B; Brown and Schlaikjer 1942). Sacral fusion is less 
derived in basal neoceratopsians than in ceratopsids, but an ace- 
tabular bar, formed by the fusion of the distal ends of the sacral 
ribs, is present. Neural spines are tall and always separate from 
each other. The sacrum is not arched, and the ventral surface is 
not excavated. 

In psittacosaurids, the caudal centra exhibit a regular de- 
crease in length and height along the tail. The decrease in 
height is greater than the decrease in length, resulting in elon- 
gate cylindrical centra at the distal end of the tail. The fused 
caudal ribs decrease rapidly in length from the first caudal dis- 
tally, disappearing at midlength along the tail in Psittacosaurus 
mongoliensis and P. sinensis. The neural spines and zygapophyses 
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decrease in height more gradually, the latter recognizable until 
the last few vertebrae. The first chevron articulates between 
the second and third caudal centra. The chevrons, which are 
always longer than the respective neural spines, decrease in 
length distally, disappearing in P. mongoliensis near the end 
of the tail. 

Complete caudal series are rarely found in basal neoceratop- 
sians. One individual of Leptoceratops has 38, and another, 
20% larger, has 48, suggesting an ontogenetic increase in caudal 
count. The caudals are simple, the size of all components de- 
creasing steadily toward the end of the tail. Transverse processes 
terminate about halfway down the tail (caudal 13 in Proto- 
ceratops and 18 in Leptoceratops). Chevrons are about as long as 
their corresponding neural spines but they incline backward 
more strongly and terminate about five segments from the end 
of the tail. A unique feature of Protoceratops and Montanoceratops 
is elongation of the proximal neural spines. In Protoceratops, 
the neural spines increase in height until caudal 14, accounting 
for two-thirds of the length of the tail, and then decrease to the 
end of the tail. 


APPENDICULAR SKELETON 


The pectoral girdle and forelimb of psittacosaurids show some 
important characters that differ from those of basal neoceratop- 
sians (fig. 22.6C-O), while the pelvic girdle and hind limb of 
both psittacosaurids and basal neoceratopsians are similar. 

In psittacosaurids, the scapula is long and has a narrow blade 
with a prominent acromial process. The scapula shares equally 
in the formation of the glenoid with the coracoid, a subquadrate 
bone with a well-developed cranioventral process. Psittacosaurus 
mongoliensis has an ossified clavicle. The supposed clavicle in 
P. sinensis (Young 1958a), however, appears to represent a dis- 
placed first ceratobranchial (Sereno 1987). In P. mongoliensis, 
the short, strap-shaped clavicle lies along the cranial margin of 
the coracoid and would not have reached the midline. A pair 
of platelike crescentic sternals is centered on the midline with a 
section of their thin medial edges in contact. The cranial end 
of each sternal is rounded and apparently nonarticular. The rec- 
tangular caudal end is scalloped for attachment to cartilaginous 
extensions of the cranial dorsal ribs. 

In basal neoceratopsians, a scapular spine is incipient, usu- 
ally crossing from the craniodorsal blade to the caudal supra- 
glenoid ridge. The coracoid is moderately prominent, with a 
protracted caudal process that effectively limited the range of 
humeral extension. The coracoid fuses to the scapula in adults. 
Ossified clavicles are known in Protoceratops and Leptoceratops. 
Paired, flattened, bean-shaped sternals are also known. There is 
always a strong disparity in length of the forelimbs and hind- 
limbs, forelimbs being only about 70% of the length of the 
hindlimbs in forms like Bagaceratops, Protoceratops, and Gracili- 
ceratops, compared to 58% in Psittacosaurus. 

In psittacosaurids, the humerus is shorter than the scapula, 
and the broadly expanded deltopectoral crest of the humerus 
forms a rectangular sheet of bone, which projects at an angle to 
the shaft. The poorly defined head is directed craniodorsally 
toward the glenoid cavity. In contrast, in basal neoceratopsians, 
the head of the humerus is hemispherical and eccentric, ex- 
tending onto the proximocaudal surface of humerus. The ra- 
dius and ulna are stoutly constructed with moderately expanded 
proximal and distal ends. The ulna, more robust than the radius, 
terminates proximally in a blunt olecranon process. 

The carpus and manus are known primarily in P. mongolien- 
sis. The carpus is composed of four carpals: the radiale, inter- 
medium, ulnare, and distal carpal 3, which are not fitted tightly 
to one another. The manus is asymmetrical, showing strong re- 
duction of the fourth digit and loss of the fifth. The inner three 
digits are robust and terminate in broad unguals. The phalangeal 
formula is 2-3-4-1-0. The first metacarpal and first digit are stout. 
The medial distal condyle of the first metacarpal is more proxi- 
mal in position, which results in medial offset of the subsequent 
phalanges. During flexion, the phalanges of the first digit con- 
verge toward the center of the palm. The second metacarpal is 
longer than the first, and the phalanges of the second digit curve 
gently medially. Metacarpal III is the longest metacarpal and 
digit II is the longest digit. Metacarpal IV, in contrast to the in- 
ner three metacarpals, has a cylindrical shaft, which terminates 
distally without the development of paired condyles. Digit IV is 
reduced with only a small terminal phalanx. 

In basal neoceratopsians, the manus is always smaller than 
the pes. Five carpals are ossified in Protoceratops. The manus is 
comparatively broad, with a phalangeal formula of 2-3-4-3-1 or 
2. The unguals on the first three digits are blunt, and digits IV 
and V terminate in small nubbins of bone. In Leptoceratops, all 
phalanges, except for the unguals, are wider than they are long. 


In psittacosaurids, the ilium is low with a straplike pre- 
acetabular process. The postacetabular process, subequal in 
length to the preacetabular process, is proportionately deeper. 
The acetabulum is completely open without any development 
of a descending iliac flange. The narrow pubic peduncle projects 
cranioventrally. The ischial peduncle, in contrast, is robust and 
projects ventrolaterally. A distinct, ovate surface on the ace- 
tabular margin of the ischial peduncle articulates against the 
broad proximal end of the femur. The two transversely com- 
pressed peduncles of the ischium join caudal to the acetabulum 
and pass distally as a flattened blade, angling ventromedially 
toward the midline at approximately 30° above the horizontal. 
Contact between right and left blades, which constitutes the 
ischial symphysis, is restricted to a small facet on the medial cor- 
ner of the distal margin. The pubis is small relative to the ilium 
and ischium but remains an integral part of the margin and 
articular surface of the acetabulum. The acetabular surface is 
located on the body of the pubis and faces caudolaterally and 
slightly dorsally. A short prepubic process projects cranio- 
laterally, terminating before the tip of the preacetabular pro- 
cess of the ilium. The slender pubic shaft, preserved only in 
Psittacosaurus mongoliensis and P. sinensis, projects caudomedially 
and passes along the ventral margin of the ischium. It does not 
join its opposite to form a pubic symphysis. 

The pelvic girdle of basal neoceratopsians is generally similar 
to that of psittacosaurids. The ilium of Leptoceratops is low and 
shows no eversion of the dorsal margin. In Protoceratops, ever- 
sion of the preacetabular process is incipient. The pubis is a 
small, short element. The ischium is long, slender, and straight 
or gently decurved and lacks an obturator process. 

In psittacosaurids, the femur is gently bowed in lateral view. 
The head, which arches medially from the shaft, shares the for- 
mation of a convex proximal articular surface with the greater 
trochanter. In lateral view, the width of the latter is several times 
the craniocaudal width of the fingerlike cranial trochanter, 
which projects dorsally from the craniolateral side of the proxi- 
mal shaft. Just above midshaft, a pendent fourth trochanter 
projects from the caudomedial side and is flanked medially by 
an oval depression. The distal condyles are separated by a shal- 
low depression cranially and by a much deeper flexor groove 
caudally. The laterally curving cnemial crest of the tibia dimin- 
ishes distally along the shaft. The compressed distal end of the 
tibia is rotated approximately 70° from the transversely com- 
pressed proximal end. The narrow distal articular surface is di- 
vided into a small lateral condyle, which extends behind the 
calcaneum, and a larger medial condyle, which is capped ven- 
trally by the astragalus. The fibula is modestly expanded at both 
ends, which exhibit rotation to the degree observed in the tibia. 
The distal end lies against the flat cranial surface of the tibia 
and butts distally against the calcaneum. The femur of basal neo- 
ceratopsians is similar to that of Psittacosaurus, shorter than the 
tibia, with a pendent fourth trochanter. 

The tarsus of psittacosaurids, known from articulated speci- 
mens in several species, consists of the astragalus, calcaneum, 
and lateral and medial distal tarsals. The cup-shaped astragalus 
tightly caps the medial distal condyle of the tibia. The short 
ascending process of the astragalus usually establishes a minor 
contact with the distal end of the fibula. The small wedge-shaped 
calcaneum is positioned on the cranial side of the tibia, articu- 
lating proximally with the fibula and distally with the lateral 
distal tarsal. The medial and lateral distal tarsals are tabular and 
positioned over the third and fourth metatarsals, respectively. 
The compact digitigrade pes, known largely in Psittacosaurus 
mongoliensis and P. sinensis, does not depart significantly from 
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the primitive ornithischian condition. The first digit, for ex- 
ample, is significantly shorter than the second, third, and 
fourth digits, and the fifth digit is reduced to a metatarsal splint. 
The short fifth metatarsal appears to articulate proximally against 
the lateral side of the lateral distal tarsal. The phalangeal for- 
mula is 2-3-4-5-0. As in the manus, the unguals are broad and all 
preceding phalanges have well-developed distal condyles. 

The foot is also compact in basal neoceratopsians. In Archaeo- 
ceratops and Protoceratops, the foot is decidedly elongate. There 
are four functional metatarsals and frequently a small splint 
representing metatarsal V. The phalangeal formula in all neo- 
ceratopsians is 2-3-4-5-0. Unguals range from acute claws in Ar- 
chaeoceratops and Leptoceratops to blunt tapered in Protoceratops. 


Systematics and Evolution 


Monophyly of Ceratopsia, Psittacosauridae, and Neoceratopsia is 
well established (Sereno 1986, 1997, 1999a, 2000; Dodson and 
Currie 1990; Makovicky 2001; Xu et al. 2002a; You 2002; You and 
Dodson 2003). However, the internal topology of these clades has 
been unstable. Consequently, we performed a cladistic analysis 
based on a data matrix of 11 taxa and 148 characters. Hypsilophodon 
foxii and Stegoceras validum were selected as outgroups, represent- 
ing Ornithopoda and Pachycephalosauria, respectively. Ingroups 
included Psittacosaurus mongoliensis, Chaoyangsaurus youngi, five 
well-represented nonceratopsid neoceratopsians (Archaeoceratops 
oshimai, Leptoceratops gracilis, Bagaceratops rozhdestvenskyi, Proto- 
ceratops andrewsi, and Montanoceratops cerorhynchus), and two 
ceratopsids (Centrosaurus apertus and Triceratops horridus). 

The 148 characters come from Sereno (2000) and Mako- 
vicky (2001), with an additional 10. Sereno (2000) and Makovicky 
(2001) used 72 and 98 characters, respectively; among them, 
32 are equivalent, although not expressed the same way. The 
148 characters include 77 from the skull, 20 from the lower jaw, 
20 from the dentition, and 31 from the postcranial skeleton. 

A PAUP*4.08b analysis was performed, with all characters 
unordered and equally weighted. Delayed transformation is 
chosen for character-state optimization. Branch-and-bound 
search found a single most parsimonious tree: L = 232 steps, 
CI =0.74, and RI=0.79 (fig. 22.7). 

Psittacosaurus is the sister group to Neoceratopsia. Chaoyang- 
saurus is identified as the most basal Neoceratopsia (see also 
Sereno 2000; contra Makovicky 2001). Archaeoceratops is the 
sister taxon to Coronosauria, which includes Protoceratops, Tri- 
ceratops, their most recent common ancestor, and all descendants 
(Sereno 1998). Protoceratops and Bagaceratops are closely related 
and are members of Protoceratopsidae. Leptoceratops is the sister 
taxon to Montanoceratops, and together they form Leptoceratop- 
sidae, which is a member of Ceratopsoidea and the sister group 
to Ceratopsidae. Psittacosauridae includes a single genus, Psit- 
tacosaurus, and seven possible valid species, P. mongoliensis, 
P. sinensis, P. xinjiangensis, P. meileyingensis, P. neimongoliensis, 
P. ordosensis, and P. mazongshanensis (Osborn 1923a; Young 1958a; 
Sereno and Chao 1988; Sereno et al. 1988; Russell and Zhao 
1996; Xu 1997; Xu and Zhao 1999; Sereno 2000). Psittacosauri- 
dae is characterized by the following features: short preorbital 
portion (less than 40% of the basal skull length); elevated exter- 
nal naris; lack of antorbital fossa and fenestra; extremely broad 
caudolateral premaxillary process; long rostral process of the 
nasal extending below the external naris; convergence of pre- 
maxilla, maxilla, lacrimal, and jugal sutures to a point on the 
snout; eminence on the rim of the buccal emargination of 
the maxilla near the junction with the jugal; an unossified gap 
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in the wall of the lacrimal canal; a well-developed jugal process 
from the midsection of the jugal; elongate jugal and squamosal 
processes of the postorbital; a dentary crown with a bulbous pri- 
mary ridge; manual digit IV with only one simplified phalanx; 
manual digit V absent. 

Neoceratopsia, the stem-based clade defined as all ceratop- 
sians more closely related to Triceratops than to Psittacosaurus, 
shares the following characters: an enlarged head relative to 
the body; a keeled rostral end of the rostral bone; a short jugal 
process of the postorbital; a much reduced quadratojugal; the 
basioccipital excluded from the formation of the foramen mag- 
num; the coronoid process covering the caudal tooth row in 
lateral view; a primary ridge on the maxillary teeth; a caudal 
process on the coracoid; the development of the humeral head; 
and a gently decurved ischium. 

Chaoyangsaurus is represented by partial cranial and post- 
cranial material from the Tuchengzi Formation in Liaoning 
Province, China (Zhao et al. 1999). The age of the upper part 
of the Tuchengzi Formation could reach the earliest Cretaceous 
(Swisher et al. 2002). Chaoyangsaurus is the most basal member 
of Neoceratopsia and differs from Psittacosaurus in possessing 
a large skull, a keeled predentary with a narrow caudoventral 
process, a reduced retroarticular process, and straight and sub- 
cylindrical premaxillary teeth, as in later neoceratopsians. 

The late Early Cretaceous Archaeoceratops from northwest 
Gansu Province, China (Dong and Azuma 1997; Tang et al. 
2001b; You 2002; You and Dodson 2003) constitutes the sister 
taxon to all other neoceratopsians, a clade known as Coro- 
nosauria. Derived features that occur in Archaeoceratops focus on 
two bones: the rostral and the jugal. The rostral became keeled, 
pointing ventrally along its rostral margin, and developed a 
caudolateral process along its ventral edge. The lateral expan- 
sion of the jugal migrated from the midsection to the caudal 
end, and a prominent crest developed along its lateral surface. 
Changes also occurred in the dentition. The primary ridge of the 
maxillary tooth crown becomes prominent and is placed caudal 
to the midline. The last dentary tooth is situated beside or cau- 
dal to the apex of the pronounced coronoid process. 

The skull of Coronosauria has an elongated preorbital por- 
tion, more than half of the basal skull length, with an oval, rather 
than a triangular, antorbital fossa. In dorsal view, the supra- 
temporal fenestra is triangular and directed caudolaterally, prob- 
ably as a result of the more developed frill. Another important 
change that occurred in Coronosauria is the development of 
the syncervical (unknown in Archaeoceratops), in which ele- 
ments of the atlas, axis, and several proximal cervical vertebrae 
are fused together to support the enlarged head. 

The clade of Asian Protoceratops and Bagaceratops, basalamong 
coronosauts, appears to have evolved slowly compared to North 
American Ceratopsoidea, but also achieved many changes. A 
small nasal horn is situated caudal to the external naris. The 
quadratojugal is triangular in coronal section with a slender 
rostral prong articulating with the jugal. The palatine has an 
elongate parasagittal process. The lower jaw is modified in sev- 
eral ways. For example, the rostral end of the predentary is 
rostrodorsally pointed, the surangular has a long ventral process 
that overlaps the angular, the surangular-dentary and surangular- 
angular sutures form an acute angle on the lateral face of the 
mandible, and the caudal end of the splenial is bifid and over- 
laps the angular. 

Two species are known for Protoceratops: P. andrewsi and P. hel- 
lenikorhinus. The latter was discovered from the Upper Creta- 
ceous Djadokhta Formation of Inner Mongolia (Lambert et al. 
2001). It is the larger of the two and shows some distinct differ- 
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Triceratops “ Triceratops “ Triceratops 

A B Cc 


FIGURE 22.7. Three views on the phylogenetic relationships of basal Ceratopsia. (A after Sereno 2000; B after Makovicky 2001; 
C this chapter, a single most parsimonious tree with a L= 232 steps, CI=0.74, and RI=0.79.) 


ences from the former, such as the absence of premaxillary teeth, 
two small separated nasal horns, a strong frontoparietal depres- 
sion, and a forwardly recurved frill with reentrant of the pari- 
etals along the midline. 

The clade of Leptoceratops and Montanoceratops marks an- 
other major step in the evolution of horned dinosaurs on the 
way to Ceratopsidae. A suite of features characterizes Ceratop- 
soidea, which is not seen in Protoceratopsidae. In the facial re- 
gion, the external naris is round, the caudolateral process of 
the rostral is elongated, and the ventral margin of the pre- 
maxilla is convex. The caudal portion of the skull shows a ten- 
dency toward downward placement: the lateral expansion of 
the jugal projects more ventrally than laterally; the squamosal 
develops a postquadrate ventrally directed process, the exoccip- 
ital is in contact with the quadrate, and the supraoccipital is in 
the same plane as the caudal face of the basioccipital rather than 
inclining rostrally. The manus is stout, with the nonungual pha- 
langes wider than long. 

Several basal ceratopsians were deemed too incomplete for the 
phylogenetic analyses conducted here. Udanoceratops tschizhovi 
from the Late Cretaceous of Inner Mongolia (Kurzanov 1992) is 
probably closely related to Protoceratopsidae, as indicated by 
the elliptical external naris, the short ventral edge of the rostral, 
and the flat ventral margin of the maxilla. However, the ven- 
trally curved ventral margin of the lower jaw is shared by Udano- 
ceratops and Leptoceratops. Graciliceratops mongoliensis (formerly 
Microceratops gobiensis from the Late Cretaceous of Mongolia, 
Maryanska and Osmolska 1975) is characterized by the slender 
median and caudal parietal frill margins and high tibiofemoral 
ratio (1.2:1), and it is probably a member of Protoceratopsidae 
(Sereno 2000). Another Late Cretaceous Mongolian neoceratop- 
sian, Breviceratops kozlowskii (Kurzanov 1990a, 1990b), is consid- 
ered a juvenile specimen of Bagaceratops (Sereno 2000; Mako- 
vicky 2001). 

Two recently described nonceratopsid ceratopsians could 
not be included in the cladistic analyses, although they are 
likely to have an important impact on the topology of ceratop- 


sian phylogeny: Liaoceratops yanzigouensis and Zuniceratops chris- 
topheri. L. yanzigouensis is represented by two almost complete 
skulls (one adult, one juvenile) from the Lower Cretaceous Yix- 
ian Formation of Liaoning Province, China. Cladistic analysis 
(Xu et al. 2002a) indicates that Liaoceratops, not Chaoyango- 
saurus, is the most basal neoceratopsian, while the latter is re- 
positioned as the most basal member of Ceratopsia. Derived 
characters shared by Liaoceratops and other neoceratopsians 
include the lateral processes of the rostral, an expanded frill 
with squamosal participation, a spherical occipital condyle, a 
deep temporal bar, a triangular postorbital and laterally convex 
surangular. Liaoceratops exhibits characters traditionally used to 
diagnose either psittacosaurids or more exclusive clades within 
Neoceratopsia, such as a weak ventral flange on the dentary and 
a ventrally wide infratemporal fenestra. Liaoceratops retains a 
number of primitive ceratopsian characters, such as a flat rather 
than a transversely expanded quadratojugal, the unkeeled ros- 
tral, the absence of an epijugal, and weakly developed primary 
ridges and oblique occlusion angles of the maxillary teeth. 

In contrast, Zuniceratops christopheri is considered the sister 
group to Ceratopsidae. From the Moreno Hill Formation (Tur- 
onian) of west-central New Mexico, Z. christopheri is repre- 
sented by partial cranial and postcranial remains of as many as 
five individuals (Wolfe and Kirkland 2001) but has not yet been 
fully described. Its considerable age compared to well-known 
North American ceratopsians and its suite of characters make 
this a taxon of unusual interest. Large paired postorbital horns 
would otherwise be attributed to a member of Ceratopsidae, 
but teeth with simple (undivided) roots preclude such member- 
ship. A mosaic of both generalized and derived features is seen 
throughout the skull and skeleton. The external naris is enlarged 
and ovate, differing from both centrosaurines and chasmo- 
saurines (Wolfe 2000). There is no nasal horn core. Several par- 
tial squamosals suggest a well-developed but thin frill, but de- 
tails are unknown. The occlusal plane of the teeth is vertical as in 
ceratopsids but there is only a single functional tooth per tooth 
row; teeth of the largest individual give evidence of incipient 
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division of the roots. Postcranial skeletal elements are slender, 
but the ischium is strongly decurved. Wolfe and Kirkland (1998) 
considered Zuniceratops a close relative of Ceratopsidae based on 
the presence of orbital horns in both. 


Biostratigraphy, Taphonomy, 
Paleoecology, and Biogeography 


Psittacosaurids are broadly distributed in central Asia, ranging 
from eastern and western China and Mongolia to southern 
Siberia. We regard the report of a specimen from Thailand (Buf- 
fetaut and Suteethorn 1992) as unsubstantiated. Psittacosaurids 
are among the most abundant of all dinosaurs (Dodson 1990b) 
and occur over a range of environmental conditions. Associa- 
tion with sediments indicating semiarid environments and eo- 
lian sands is well known (e.g., Russell and Zhao 1996), but in 
Inner Mongolia and Liaoning specimens are found in fluviola- 
custrine deposits containing aquatic invertebrates and verte- 
brates (Eberth et al. 1993; Swisher et al. 1999). 

Psittacosaurids are best known from the later Early Cretaceous 
(Barremian-Aptian or possibly Albian), but there are reports of 
Psittacosaurus as old as Berriasian-Valanginian from the Sangiin 
Dalai Nuur depression (Bakhurina 1983; Shuvalov 2000). The 
later date has been established by associated pollen and spores 
in Mongolia for Psittacosaurus mongoliensis (Bratzeva and Novod- 
vorskaja 1975) and in the Gansu Province of China for P. ma- 
zongshanensis (Tang et al. 2001b); and by radiometric Ar/Ar dates 
from Liaoning for Psittacosaurus specimens from the Yixian For- 
mation (Swisher et al. 1999, 2002). In Mongolia, an Early Creta- 
ceous age is also supported by the associated invertebrate faunas 
(including ostracodes and mollusks) and the vertebrate faunas, 
including freshwater fish (Lycoptera), turtles (Hangiemys, Mongo- 
lemys), dinosaurs (Iguanodon, Shamosaurus), and mammals (Pro- 
kennalestes, Prozalambdalestes) (Cockerell 1924; Kalandadze and 
Kurzanov 1974; Shuvalov 1975; Tumanova 1981). Several species 
of Psittacosaurus are found in Inner Mongolia (Russell and Zhao 
1996), and dates, including that from the widespread P. mon- 
goliensis, fall into the range of Barremian to Aptian. At Tebch, 
fossil-bearing sediments are overlain by a basalt at 110.6 Ma, 
thus of mid-Aptian age. A rich palynoflora dominated by gymno- 
sperms is found in lacustrine deposits with associated insects, 
conchostracans, ostracodes, fish, salamanders, frogs, turtles, 
lizards, pterosaurs, theropods, birds, and mammals (Swisher 
et al. 1999). In Shandong Province, psittacosaurid-bearing de- 
posits (P. sinensis, P. youngi) are indisputably overlain by Upper 
Cretaceous sediments and faunas (e.g., the hadrosaurids Tsintao- 
saurus and Tanius; Young 1958a). 

Psittacosaurus was a small-bodied herbivore. The slicing 
psittacosaurid dentition, with its self-sharpening cutting edges, 
is suited for mastication of plant material. Polished gastroliths, 
exceeding 50 in number, are associated with two psittacosaurid 
skeletons and must have played a significant role in the break- 
down of plant materials. 

When limb length is estimated by the addition of respective 
propodials, epipodials, and third metapodials, the length of 
the forelimb in Psittacosaurus mongoliensis is approximately 
58% that of the hindlimb. This percentage of hindlimb length 
is higher than in Hypsilophodon foxii, which has a forelimb/ 
hindlimb ratio of 51%. Proportions within the hindlimb in 
Psittacosaurus are comparable to the presumed cursorial ornitho- 
pods Hypsilophodon, Dryosaurus, and Parksosaurus (Janensch 1955; 
Galton 1973e) and the neoceratopsian Graciliceratops (Maryanska 
and Osmolska 1975; Sereno 2000). The tibia is slightly longer 


492 DINOSAUR SYSTEMATICS 


than the femur, as in Dryosaurus and Graciliceratops, but propor- 
tionately less elongate than in Hypsilophodon and Parksosaurus. 
Given the proportions of the fore- and hindlimbs, it is reason- 
able to suppose that P. mongoliensis was facultatively bipedal; 
that is, a capable and perhaps habitual biped at most speeds. The 
length of the forelimb and the structure of the manus, however, 
do not preclude effective use of the forelimb in locomotion. The 
divergence of digit I suggests a limited grasping capability in the 
manus, which may have been used to procure vegetation. 

A growth series of Psittacosaurus mongoliensis from Khamaryn- 
Us, Hithteeg Svita, Mongolia, was subjected to a histological 
study (Erickson and Tumanova 2000). The sample ranged from 
estimated body masses of 0.9 to 19.9 kg. It apparently took nine 
years to achieve the maximum body size observed. This trans- 
lates to a growth rate of about 12.5 g/day, four times higher than 
unspecified reptiles and one-quarter higher than marsupials, 
but 3-20 times slower than eutherian mammals or birds. 

The fossil record of basal neoceratopsians is generally good. 
About half of the genera are known from complete skulls, and 
many have multiple specimens and associated skeletal material 
(Chinnery and Trexler 1999). Juveniles (Dodson 1976) and em- 
bryos (Dong and Currie 1993; Weishampel et al. 2000) form an 
important part of the record. Asia preserves more members of 
basal neoceratopsians than North America does, and most of 
them are Late Cretaceous, especially late Late Cretaceous. 

Basal neoceratopsian fossils are found in a wide range of sed- 
imentary environments. Remains of Protoceratops andrewsi are 
found in areas of eolian dunes (Osmolska 1980; Jerzykiewicz et 
al. 1993; Eberth 1993; Fastovsky et al. 1997). The climate was hot, 
semiarid, and seasonal. It is significant that protoceratopsids 
are absent in the mesic Nemegt Formation of Mongolia, which 
overlies the Djadokhta and Barun Goyot formations. In North 
America, basal neoceratopsian remains are found in sediments 
laid down in upper plain regions (Horner 1984c) that appear 
to have been seasonally dry. There is little evidence of basal neo- 
ceratopsians in the rich fauna of the contemporary lower coastal 
plain deposits of Alberta and Montana (Ryan and Currie 1998). 
The coexistence of the basal Leptoceratops gracilis and the derived 
Triceratops horridus in terminal Cretaceous strata of Alberta is an 
interesting paradox that occurred in cooler, drier environments 
distant from the shores of a receding inland sea. 

Protoceratops andrewsi and other basal neoceratopsians ap- 
pear to have been gregarious animals that nested communally. 
Fifteen Protoceratops hatchlings were collected from a single nest 
from the eolian sandstones in the central Gobi region (Wei- 
shampel et al. 2000). They are oriented in a common direction 
to the southeast and faced away from the prevailing wind. No 
eggshell was found within this nest, the same condition also re- 
ported for the embryos from Bayan Mandahu of China (Dong 
and Currie 1993). The discovery of a skeleton of Protoceratops 
andrewsi entangled with that of the dromaeosaurid Velociraptor 
mongoliensis (Kielan-Jaworowoska and Barsbold 1972; Barsbold 
and Perle 1983) suggests that the latter preyed on the former. 
What once appeared to be the eggs of Protoceratops have turned 
out to be the eggs of the predators themselves, Oviraptor (Norell 
etal. 1995). A preliminary study has shown that the style of Proto- 
ceratops posture was neither mammalian nor reptilian (Matsu- 
moto 1997). 

Sexual dimorphism in Protoceratops andrewsi has been recog- 
nized for both the cranial (Kurzanov 1972; Dodson 1976) and 
the postcranial features (Tereshchenko 2001), and is further 
shown in the second species of Protoceratops, P. hellenikorhinus 
(Lambert et al. 2001). The Protoceratops frill is well developed, 
and it is clear that it was sexually dimorphic. 


According our phylogenetic analysis, convergent evolution of 
horns and frills occurs in Protoceratopsidae and Ceratopsoidea. 
In Protoceratopsidae, the nasal horns are situated far caudal to 
the external naris and therefore closer to the orbit, while in 
Ceratopsoidea, the nasal horns are placed dorsal to the exter- 
nal naris. The frill of protoceratopsids is fenestrated and parietal 
dominated, with a partial contribution from the caudal exten- 
sion of the squamosal, ending with a nondecorated and straight 
caudal edge (Dodson 1993). In contrast, in ceratopsoids the 
squamosal is expanded both caudally and caudoventrally, even 
in forms with a short frill, such as Leptoceratops (Sternberg 1951) 
and Avaceratops (Penkalski and Dodson 1999). 

Ceratopsoids evolved a different feeding mechanism from 
protoceratopsids, as shown by changes in the rostral portion. 
In Ceratopsoidea, the rostral and premaxilla elongated rostro- 
caudally. The rostral developed a long caudolateral process cover- 
ing the ventrally curved ventral edge of the premaxillary. The 
premaxillary teeth were lost. This configuration is probably re- 
lated to a more efficient crushing function, associated with other 
modifications of the dentition, such as the lingual-buccally 
widened cheek teeth. In contrast, in Protoceratopsidae, the ros- 


tral extended further ventrally to accommodate the rostro- 
dorsally pointed predentary, and the premaxillary teeth re- 
mained. This structure might be useful for selective cropping 
and feeding. 

An Asian origin for Neoceratopsia is suggested by the basal 
neoceratopsian status of both the Late Jurassic Chaoyangsaurus 
(Zhao et al. 1999; Swisher et al. 2002) and the late Early Creta- 
ceous Archaeoceratops. Recognition of separate clades in Asia and 
North America in the evolution of basal Ceratopsia brings a 
biogeographic coherence that was not apparent previously (You 
2002; You and Dodson 2003). Divergence between North Amer- 
ican Ceratopsoidea and Asian Protoceratopsidae probably oc- 
curred in the early Late Cretaceous. Ceratopsoidea could have 
originated either in Asia or in North America, and the further 
finds of basal Ceratopsoidea in Asia or Protoceratopsidae in 
North American will help to clarify this. The origin of Ceratop- 
sidae was probably in North America, as the entire fossil record 
of this group and its sister group, Leptoceratopsidae, is currently 
known only in North America. However, it is possible that there 
were further exchanges of Protoceratopsidae and Ceratopsoidea 
between Asia and North America. 
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Ceratopsids, or horned dinosaurs, comprise a monophyletic 
assemblage of large-bodied (4-8 m long), quadrupedal, herbiv- 
orous ornithischians. Easily recognized by their varied and 
elaborate horn and frill morphologies, as well as their hyper- 
trophied narial regions and complex dental batteries, ceratop- 
sids possess some of the largest, most elaborated skulls found 
among vertebrates. Indeed, skulls of certain taxa (e.g., Torosaurus 
and Pentaceratops) reached lengths greater than 2 m, the largest 
known for any terrestrial vertebrate (Colbert and Bump 1947; 
Lehman 1998). Ceratopsidae consists of two well-defined clades: 
Centrosaurinae and Chasmosaurinae. Although some genera 
and species are represented by single, incomplete individuals 
(e.g., Arrhinoceratops, Diceratops), many others consist of nu- 
merous nearly complete skulls and skeletons (e.g., Chasmosaurus, 
Centrosaurus). Intact skeletons are less common than skulls, 
and several ceratopsids have no reliably associated postcranials 
(e.g., Arrhinoceratops, Diceratops). In addition to numerous iso- 
lated materials, ceratopsids were also regularly preserved in large, 
low-diversity mass death assemblages, or bone beds. 

Among the first ceratopsid taxa to be described were Agath- 
aumas Cope 1872, Polyonax Cope 1874, Dysganus Cope 1876a, 
and Monoclonius Cope 1876a. All of these forms were based on 
incomplete materials from which no concept of ceratopsians 
could be derived. In fact, Marsh (1887a) named one of the first 
Triceratops “Bison alticornis,” because he imagined that the 
enormous horn-core belonged to an extinct bovid. The first 
complete ceratopsian cranial material was that of Triceratops 
(Marsh 1889b). New ceratopsids are still being discovered—two 
new taxa, Einiosaurus procurvicornis and Achelousaurus horneri, 
were described in 1995 (Sampson 1995), and a new species of 
Chasmosaurus—C. irvinensis—was named in 2001 (Holmes et al. 
2001). The first comprehensive study of ceratopsids was that of 
Hatcher et al. (1907). At that time, complete skulls were known 
only for Triceratops and Torosaurus; nevertheless, that 1907 mono- 
graph remains the most valuable single reference on ceratopsid 
anatomy. 

Ceratopsids were a highly successful group (table 23.1). They 
form 25%-42% of the individuals in the Campanian dinosaur 
communities in which they occur, subordinate in this category 
only to hadrosaurids (Dodson 1983, 1987; Lehman 1997; D. B. 
Brinkman et al. 1998). Similarly, they make up 61%-71% of the 
terminal Cretaceous communities, although at much reduced 


494 DINOSAUR SYSTEMATICS 


diversity (e.g., Triceratops, Torosaurus, Lehman 1987; White et al. 
1998). The time and location of the origin of ceratopsids from 
more basal neoceratopsians has been enigmatic due toa paucity 
of relevant fossil data. The recent discovery of a Turonian-age 
ceratopsian, Zuniceratops (Wolfe and Kirkland 1998), provides 
some insights into this matter. In addition to its early occur- 
rence, Zuniceratops possesses characters previously thought to 
be restricted to Ceratopsidae, and thus provides crucial evi- 
dence for character evolution toward ceratopsids. Nevertheless, 
ceratopsids comprise an evolutionary radiation that diversified 
into a broad array of species over a geologically brief period 
during the Late Cretaceous (Campanian and Maastrichtian). The 
group is also restricted geographically, known only from west- 
ern North America (United States, Canada, Mexico), with their 
remains preserved primarily along the western shores of the 
inland sea. They ranged from the North Slope of Alaska (Parrish 
et al. 1987) and the Northwest Territories (Russell 1984c), at 
paleolatitudes as high as 85° N (Brouwers et al. 1987), down south 
as far as Mexico (Murray et al. 1960; Ferrusquia-Villafranca 
1998). To date, reports of ceratopsids outside of western North 
America cannot be confirmed; isolated horns from Asia have 
been claimed to be ceratopsid but are more plausibly inter- 
preted as ankylosaurian (Coombs 1987). Until recently, it was 
thought that chasmosaurines were more widely distributed 
than centrosaurines. However, remains of at least one centro- 
saurine genus (Pachyrhinosaurus) have been found in Alaska 
(Rich et al. 1997), and Williamson (1997) provided unequivocal 
evidence of an early Campanian centrosaurine from the Mene- 
fee Formation of New Mexico. 


Definition and Diagnosis 


We define Ceratopsidae as the clade consisting of Centrosaurus 
and Triceratops and their most recent common ancestor and all 
of its descendants. Ceratopsids are derived in many aspects 
of their bony anatomy, particularly the skull. Characters diag- 
nosing Ceratopsidae include: greatly enlarged external nares, 
prominent premaxillary septum, antorbital fenestra greatly re- 
duced in size, presence of a nasal horn-core, reduced lacrimal, 
frontal eliminated from the orbital margin, dentary articulation 
set well below the alveolar margin, the basioccipital excluded 


TABLE 23.1 


Ceratopsidae 
Occurrence Age Material 
Ceratopsia Marsh, 1890a 
Neoceratopsia Sereno, 1986 
Ceratopsidae Marsh, 1890a 
Centrosaurinae Lambe, 1915 
Achelousaurus Sampson, 1995 
A. horneri Sampson, 1995 Upper Two Medicine lateCampanian 3 partial skulls, 1 partial 
Formation (Montana), skeleton 
United States 


Avaceratops Dodson, 1986 
A. lammersi Dodson, 1986 


Centrosaurus Lambe, 1904a 
(= Eucentrosaurus Chure et McIntosh, 1989) 
C. apertus (including Monoclonius 
dawsoni Lambe, 1902; M. flexus Brown, 
1914d; M. cutleri Brown, 1917; 
C. longirostris Sternberg, 1940b) 
Einiosaurus Sampson, 1995 
E. procurvicornis Sampson, 1995 


Pachyrhinosaurus Sternberg, 1950 
P. canadensis Sternberg, 1950 


Styracosaurus Lambe, 1913 
S. albertensis Lambe, 1913 (including 
S. parksi Brown et Schlaikjer, 1937; 
Monoclonius nasicornus Brown, 1917) 
Possible Centrosaurinae 
Brachyceratops Gilmore, 1914b 
B. montanensis Gilmore, 1914b 


Monoclonius Cope, 1876a 
M. crassus Cope, 1876a (including 
M. lowei Sternberg, 1940b) 


Chasmosaurinae Lambe, 1915 
Anchiceratops Brown, 1914b 
A. ornatus Brown, 1914b (including 
A. longirostris Sternberg, 1929a) 


Arrhinoceratops Parks, 1925 
A. brachyops Parks, 1925 


Chasmosaurus Lambe, 1914a 

(= Protorosaurus Lambe, 1914b, Eoceratops 

Lambe, 1915) 

C. belli (Lambe, 1914a) (= Monoclonius 
belli Lambe, 1902, including 
C. canadensis (Lambe, 1902) 
(= Monoclonius canadensis Lambe, 1902, 
including Eoceratops canadensis Lambe, 
1915; C. kaiseni Brown, 1933b; 
C. brevirostris Lull, 1933) 


Judith River Formation 
(Montana), United States 


Dinosaur Park Formation 
(Alberta), Canada 


Two Medicine Formation 
(Montana), United States 


Horseshoe Canyon 
Formation, St. Mary River 
Formation (Alberta), 
Canada; Prince Creek 
Formation (Alaska), 
United States 


Dinosaur Park Formation 
(Alberta), Canada 


Upper Two Medicine 
Formation (Montana), 
United States 


Judith River Formation 
(Montana), United States; 
Dinosaur Park Formation 
(Alberta), Canada 


Dinosaur Park Formation, 
Horseshoe Canyon 
Formation (Alberta), 
Canada 


Horseshoe Canyon 
Formation (Alberta), 
Canada 


Dinosaur Park Formation 
(Alberta), Canada 


late Campanian 


late Campanian 


late Campanian 


Maastrichtian 


late Campanian 


late Campanian 


late Campanian 


late 
Campanian- 
Maastrichtian 


Maastrichtian 


late Campanian 


2 partial skulls, skeleton, 
juvenile 


15 skulls, several skeletons, 
all adult; abundant bone-bed 
material with rare juveniles 
and subadults 


3 adult skulls, juvenile, and 
subadult cranial and 
postcranial elements 

12 partial skulls, 
disarticulated cranial and 


postcranial material from 
bone beds 


2 skulls, 3 skeletons, 
additional material in 
bone beds 


6 partial skulls, skeletons, 
subadult 


5 skulls, 1 complete 


6 skulls, 1 complete skeleton 


Complete skull 


12 skulls, several skeletons 


(continued) 


TABLE 23.1 (CONTINUED) 


Occurrence Age 


Material 


C. russelli Sternberg, 1940b 
C. mariscalensis Lehman, 1989 


C. irvinensis Holmes, Forster, Ryan, et 
Shepherd, 2001 
Diceratops Lull, 1905 
D. hatcheri Lull, 1905 


Pentaceratops Osborn, 1923b 
P. sternbergii Osborn, 1923b (including 
P. fenestratus Wiman, 1930) 


Torosaurus Marsh, 1891b 
T. latus Marsh, 1891b (including 
T. gladius Marsh, 1891c; 
Arrhinoceratops utahensis Gilmore, 
1946b) 


Triceratops Marsh, 1889b (= Sterrholophus 

Marsh, 1891d) 

T. horridus Marsh, 1889a (= Ceratops 
horridus Marsh, 1889b, including 
T. flabellatus Marsh, 1889b; T. prorsus 
Marsh, 1890b; T: serratus Marsh, 1890b; 
T. elatus Marsh, 1891b; T. calicornis 
Marsh, 1898b; T: obtusus Marsh, 1898b; 
T. brevicornus Hatcher, 1905; 
T. eurycephalus, Schlaikjer, 1935b; 
T. albertensis Sternberg, 1949) 


Dinosaur Park Formation 
(Alberta), Canada 

Aguja Formation (Texas), 
United States 

Dinosaur Park Formation, 
(Alberta), Canada 


late Campanian 
Campanian 


late Campanian 


Lance Formation Maastrichtian 


(Wyoming), United States 


Fruitland Formation, 
Lower Kirtland Formation 
(New Mexico), United States 


?Campanian- 
Maastrichtian 


late 
Maastrichtian 


Lance Formation, 
(Wyoming), Hell Creek 
Formation (North Dakota), 
Hell Creek Formation 
(South Dakota), Hell Creek 
Formation (Montana), 
Laramie Formation 
(Colorado), North Horn 
Formation (Utah), Upper 
Kirtland Formation, 
McRae Formation (New 
Mexico), Javelina Formation 
(Texas), United States; 
Frenchman Formation 
(Saskatchewan), Canada 


late 
Maastrichtian 


Lance Formation, Evanston 
Formation (Wyoming), 
Hell Creek Formation 
(Montana), Hell Creek 
Formation (South Dakota), 
Hell Creek Formation 
(North Dakota), Laramie 
Formation (Colorado), 
United States; Scollard 
Formation (Alberta), 
Frenchman Formation 
(Saskatchewan), Canada 


6 complete or partial skulls 


12 disarticulated skull, 
postcrania, juvenile 
3 skulls, skeleton lacking tail 


1 skull 


9 complete or partial skulls, 
1 complete and several partial 
skeletons 


5 partial skulls, isolated skull 
elements 


50 complete or partial skulls, 
some partial skeletons 


Nomina dubia 


Material 


Agathaumas sylvestris Cope, 1872 

Bison alticornis Marsh, 1887a 

Ceratops montanus Marsh, 1888b 
Dysganus bicarinatus Cope, 1876a 
Dysganus encaustus Cope, 1876a partim 
Dysganus haydenianus Cope, 1876a 
Dysganus peiganus Cope, 1876a 
Monoclonius fissus Cope, 1876a 
Monoclonius recurvicornis Cope, 1889b 
Monoclonius sphenocerus Cope, 1889b 
Notoceratops bonarelli Tapia, 1918 
Polyonax mortuarius Cope, 1874 
Styracosaurus ovatus Gilmore, 1930 
Triceratops galeus Marsh, 1889b 
Triceratops ingens Lull, 1915b 
Triceratops maximus Brown, 1933a 
Triceratops sulcatus Marsh, 1890a 
Ugrosaurus olsoni Cobabe et Fastovsky, 1987 


Partial sacrum and pelvis 

Orbital horn cores 

Occipital condyle, paired horn cores 
Isolated teeth 

Isolated teeth 

Isolated teeth 

Tooth 

Isolated pterygoid 

Braincase, 3 horns, isolated fragments 
Nasal horn, premaxilla 

Edentulous dentary 

Horn fragments, vertebrae 
Fragmentary parietal frill 

Nasal horn core 

Partial skull and skeleton 

8 vertebrae, 2 ribs 

Fragmentary skull 

Partial premaxilla, nasal, isolated fragments 


from the foramen magnum, the supraoccipital eliminated from 
the foramen magnum, the marginal undulations on the frill 
augmented by epoccipitals, the tooth row extending caudal to 
the coronoid process, laterally stacked quadrate-quadratojugal- 
jugal, presence of a shallow supracranial cavity complex, an 
elongate groove on the squamosal to receive the quadrate, the 
largest dimension of parietal fenestra oriented axially, olfactory 
tract exits surrounded by interorbital ossifications, number of 
exits for c.nn. X, XI, XII reduced to two, more than two replace- 
ment teeth in each vertical series, loss of subsidiary ridges on 
teeth, teeth with two roots, atlantal neural arch steeply inclined 
caudally, ten or more sacral vertebrae, sternum short and broad, 
laterally everted shelf on the dorsal rim of the ilium, presence of 
a supracetabular process (“antitrochanter”), the ischium gently 
to greatly decurved, the greater and cranial trochanters fused 
together on the femur, the femur longer than the tibia, and 
hooflike pedal unguals. 


Anatomy 


Skull and Mandible 


The skulls of ceratopsids (figs. 23.1-23.4) are broadly triangular 
in dorsal view, flaring widely across the jugals and tapering ros- 
trally to a narrow, keeled, edentulous beak. A prominent parieto- 
squamosal frill characterizes all taxa. A deep face is also charac- 
teristic, and the tall premaxilla, with a greatly enlarged external 
naris, occupies much of this height. The rostral has a rugose tex- 
ture and may have been covered by a horny sheath in life. Its 
ventral cutting edge is thin and beveled. The rostral fuses to the 
premaxilla only in mature individuals and is frequently not pre- 
served in juveniles and young adults. The specific shape of the 
rostral differs between chasmosaurines and centrosaurines: that 
of centrosaurines is nearly triangular in lateral view with short 
dorsal and caudal processes, whereas that of chasmosaurines is 
much more elongate, with a greatly decurved rostral “beak.” The 
rostral opposes the more elongate predentary, which terminates 
in a sharp, upcurved point that rests inside the rostral. The pre- 
dentary is robust and the cutting edge, which is thick and flat, 
is nearly horizontal in chasmosaurines but strongly sloped lat- 
erally in centrosaurines (Forster 1990b; Lehman 1990). The 
caudodorsal process of the predentary is elongate compared to 
that of basal ceratopsians and is subequal in size to the caudo- 
ventral process. 

The premaxilla is one of the most prominent elements of the 
facial skeleton and may nearly equal the maxilla in length. The 
external naris is greatly enlarged and usually subcircular in shape. 
The premaxillae lie directly appressed to each other for their en- 
tire rostral half, forming an extensive, deep septum directly in 
front of the external naris. In centrosaurines, this septum is flat, 
solid, and simple, whereas that of chasmosaurines is greatly 
elaborated. For example, the nasal septum of chasmosaurines 
is thickened into a stout narial strut along its caudal margin. 
Further rostrally, the septum is indented by a fossa, which is 
variably perforated by an interseptal foramen in most taxa (e.g., 
Anchiceratops, Triceratops). Ventral to this perforation of the 
nasal septum, more derived chasmosaurines have a variably 
sized diverticulum that opens into the premaxillary body. 
Chasmosaurines also have a triangular process that projects 
into the external naris from the base of the narial strut (Forster 
1996a); in some taxa (e.g., Triceratops) this triangular process 
is invaginated by a fossa on its lateral surface. These elaborate 
premaxillary fossae, foramina, and processes characteristic of 


chasmosaurines are directly linked with an intrapremaxillary 
cavity, and all of these features may be of pneumatic origin, 
derived from a paranasal air sac (Sampson and Witmer 1999). 
Centrosaurines lack pneumatic premaxillae, but possess other 
specializations of this element, including a small process formed 
by the nasal and premaxilla that projects forward from the cau- 
dal border of the external naris. The thickened oral margin of 
the premaxilla is flat in chasmosaurines to meet a horizontal 
cutting edge of the predentary, whereas it is angled in centro- 
saurines to overlap a laterally beveled predentary cutting sur- 
face. Ventrally, medial flanges of the premaxillae meet the pre- 
maxillary processes of the maxillae to form a short hard palate. 

The maxilla forms at least half the height of the face. A promi- 
nent longitudinal ridge on the dorsal maxilla marks its restricted 
contact with the jugal. In ceratopsids, the dentigerous portion 
of the maxilla continues caudally some distance medial to the 
jugal. The greatly reduced antorbital fenestra is situated in a cleft 
on the dorsal maxilla between its jugal and lacrimal processes. 
There is much individual variability in the prominence of this 
feature and it is barely detectable in some individuals. 

The small, quadrilateral lacrimal forms the rostral margin of 
the orbit between the jugal ventrally and the prefrontal dorsally. 
The lacrimal is small in ceratopsids, forming only a small por- 
tion of the orbit margin. Unlike in most dinosaurs, this element 
is not pierced by a lacrimal foramen. The lacrimal roofs the 
antorbital fenestra rostrally and contacts the nasal rostro- 
dorsally. Early fusion of the lacrimal frequently obscures its bor- 
ders with adjacent elements. 

The nasal is a major element of the face in ceratopsids, bear- 
ing a small to prominent bony horn-core in most taxa. The 
horn-core was presumably covered in life with a horny, kerati- 
nous sheath that would have increased the total length of this 
structure. The nasal horn-cores of centrosaurines tend to be 
large (up to 500 mm in length for Styracosaurus), whereas those 
of chasmosaurines are uniformly small. The horn-core is formed 
by fusion of the paired nasals, which co-ossify from the tip down- 
ward, as indicated by a number of juveniles (Gilmore 1917; Samp- 
son et al. 1997). Centrosaurine nasal horn-cores are always cen- 
tered over the rear of the external nares. In some centrosaurines 
(Centrosaurus, Styracosaurus), the unmodified nasal horn-cores 
are often tall and straight with well-defined and sometimes con- 
stricted bases. In contrast, Einiosaurus is characterized by a large 
nasal horn-core that is hooked strongly forward in some indi- 
viduals. In other centrosaurine taxa (Achelousaurus, Pachyrhino- 
saurus) the nasal horn-cores were apparently modified during 
ontogeny to develop gnarled, pachyostotic bosses in adults 
(Sternberg 1950; Langston 1967, 1975; Sampson 1995). Among 
chasmosaurines, the nasal horn-core is centered at the rear of 
the external narial margin in some taxa (e.g., Chasmosaurus), 
but shifts forward to a position over the premaxillary septum 
in more derived chasmosaurines (e.g., Torosaurus, Triceratops). 
Although the horn-core of chasmosaurines is also formed pri- 
marily from outgrowths of the nasals, a separate center of ossifi- 
cation augmenting the rostral side of the nasal horn-core, an 
“epinasal ossification,” has been postulated. This accessory el- 
ement was first described by Hatcher et al. (1907), disputed by 
Sternberg (1949), then reiterated by Ostrom and Wellnhofer 
(1986), Lehman (1990), and Forster (1996a). Epinasal ossifica- 
tions have thus far been observed in some Chasmosaurus and 
Triceratops, but not in any other chasmosaurine. This situation 
may be due to the rarity of juvenile chasmosaurines. 

Bones of the postnasal midline series and of the dorsal orbital 
series are highly modified in ceratopsids. The relevant sutures 
were subject to early fusion during growth, and few skulls exhibit 
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FIGURE 23.1. Skulls of Centrosaurinae: A, Avaceratops lammersi; B, Centrosaurus apertus; C, D, Styracosaurus albertensis, C, lateral view, D, dorsal view; 
E, Einiosaurus procurvicornis; F, Achelosaurus horneri; G, Pachyrhinosaurus canadensis. Scale = 20 cm. (A from Penkalski and Dodson 1999; B-D after Lull 


1933; E, F after Sampson 1995.) 


them clearly. Two salient changes involve the prefrontal and 
supraorbital (= palpebral of the authors). In some centrosaurines 
(Styracosaurus and Centrosaurus), medial expansion of the pre- 
frontals results in midline contact of these elements, with con- 
sequent separation of the nasals from the frontals (Forster 1990b). 
Other centrosaurines, as well as chasmosaurines, reflect the 
primitive state for this character, retaining a broad nasal-frontal 
contact. A supraorbital is rarely discernible on the skulls of ma- 
ture ceratopsids, but subadult skulls and isolated material show 
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it to be a blocky element that fused with the prefrontal via a 
broad, rugose contact, thereby excluding the latter from the 
orbital rim (Sampson 1993). The supraorbital makes a rostro- 
ventral contribution to the orbital horn-core in at least centro- 
saurines, and likely in all ceratopsids. 

The postorbital is a major bone of the dorsal orbit and cheek. 
The supraorbital horn-cores are outgrowths of this bone, as in- 
dicated by ontogenetic series (Sampson et al. 1997). The sugges- 
tion that the supraorbital horn-cores are derived from separate 


FIGURE 23.2. Skulls of Chasmosaurinae: A, Anchiceratops ornatus (lateral and dorsal views); B, Chasmosaurus belli (lateral and dorsal 
views); C, Chasmosaurus belli; D, Chasmosaurus russelli; E, Arrhinoceratops brachyops; F, Torosaurus latus; G, Triceratops horridus; H, 
Triceratops horridus; 1, Pentaceratops sternbergii. Scale = 20 cm. (A-C, E-G, I after Lull 1933; D after Godfrey and Holmes 1995.) 


FIGURE 23.3. Skull of Triceratops horridus: A, lateral view; B, occipital view; C, dorsal view; D, palatal view. Scale = 20 cm 


(A, B, C), scale = 10 cm (D). (After Hatcher et al. 1907.) 


centers of ossification that fuse to the postorbital (Huene 1911; 
Lambe 1913) has not been substantiated. Adults of certain cen- 
trosaurine taxa (Styracosaurus, Pachyrhinosaurus, Einiosaurus) show 
irregular depressions above the orbits rather than well-formed 
supraorbital horns. Dodson and Currie (1990) suggested these 
may represent the loss of a separate center of ossification. More 
recently it has been suggested that these pits result from the re- 
sorption of part or all of the supraorbital horn-cores (Sampson 
et al. 1997). Particularly convincing in this regard are numerous 
individuals spanning an array of resorption stages, from small 
terminal pits on horn-cores to elaborate excavations replacing 
the horn-core altogether. The orbital horn-cores of centro- 
saurines are usually less than 150 mm in height, and two taxa 
(Achelousaurus and Pachyrhinosaurus) had their supraorbital horn- 
cores ontogenetically replaced with gnarled, pachyostotic bosses. 
Supraorbital horn-cores of large chasmosaurines may approach 
1 m in length and have massive, hollow bases. Most Chasmo- 
saurus belli and C. russelli also have short, centrosaurine-like 
supraorbital horns and occasionally exhibit pitting and resorp- 
tion. In Chasmosaurus irvinensis horn-cores are absent, replaced 
by pitted excavations, as in some centrosaurines. 

The enlarged jugal has the form of an inverted triangle, the 
base of which forms the ventral rim of the orbit. The jugal is ex- 
panded ventrally into an elongate flange, extending almost to the 
distal end of the quadrate and overlapping the caudal process of 
the maxilla. The distal tip of the jugal flange is thickened and 
accentuated by an epidermal ossification, the epijugal. Among 
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ceratopsids, epijugals are more pronounced in chasmosaurines. 
The epijugal of Arrhinoceratops brachyops (Parks 1925) and Penta- 
ceratops sternbergii (Osborn 1923b) forms a pronounced, later- 
ally projecting jugal “horn,” in which the thickness exceeds 
the width of the ventral end of the quadrate. Epijugals are not 
prominent in other chasmosaurines (e.g., Chasmosaurus, Tri- 
ceratops), although they are distinct ossifications. The caudo- 
medial surface of the ventral tip of the jugal shows a rugose sur- 
face where it overlaps the quadratojugal. In some ceratopsids 
(e.g., Triceratops), the epijugal may also articulate with the quad- 
ratojugal. A broad jugal-squamosal contact above the infra- 
temporal fenestra characterizes ceratopsids. In centrosaurines 
and some species of the chasmosaurine Chasmosaurus (C. belli, 
C. russelli), the jugal develops a caudal flange that contacts the 
squamosal below the infratemporal fenestra. 

Ceratopsids exhibit considerable reorganization of the cheek 
region. The ventral end of the quadrate is rotated forward, the 
infratemporal fenestra is pushed ventrally below the level of 
the orbit and reduced in size, and the jugal, quadratojugal, and 
quadrate are telescoped so as to lie side by side rather than in 
series front to back (Forster 1990b; Dodson 1993). The quadrato- 
jugal is thus reduced to a spacer element interposed between 
the jugal flange and the quadrate. The quadrate is short in cera- 
topsids and is covered in lateral view by the squamosal, quad- 
ratojugal, and jugal. The ventral end of the quadrate is robust 
and transversely expanded, but the dorsal end is extremely thin. 
The quadrate does not have a “head” in ceratopsids, but rather 
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FIGURE 23.4. Braincase of Centrosaurus apertus: A, occipital view; B, left lateral view. Scale = 5 cm. 


its entire proximolateral margin fits inside a long slot on the 
ventral surface of the squamosal. This arrangement precluded 
any streptostyly (Weishampel 1984a). A distinct shallow fossa 
for the pterygoid on the pterygoid ramus of the quadrate is 
characteristic of ceratopsids. The quadratojugal is thick caudo- 
ventrally and thins dorsally, wrapping around to the caudal sur- 
face of the midquadrate shaft. Although the quadratojugal is 
largely obscured in lateral view by the jugal, its degree of expo- 
sure adjacent to the infratemporal opening is variable both in- 
dividually and taxonomically. 

In ceratopsids, the fused frontals are restricted in extent and 
excluded from the orbit. The frontals also do not contribute to 
the supratemporal fenestra, which is composed of the postorbital, 
the squamosal, and the parietal. Although this area of the skull 
is firmly co-ossified in adult ceratopsids, these relationships are 
evident in juvenile centrosaurines. A feature unique to Ceratop- 
sidae is the supracranial cavity, a system of smooth-walled, bony 


spaces dorsal to the braincase that opens onto the dorsum of the 
skull via an aperture variously referred to as the frontal fontanelle 
(Sternberg 1927a) or postfrontal fontanelle (Gilmore 1919b). The 
supracranial cavity is absent or nascent in juveniles (Gilmore 
1917) and highly variable among adults of various ceratopsid 
taxa. It is shallow, narrow, and simple in some adult centro- 
saurines (e.g., Centrosaurus) and chasmosaurines (e.g., Chasmo- 
saurus), whereas adults of other taxa possess more elaborate, ex- 
tensive cavities divided into complex series of chambers by bony 
septa. Among certain taxa exhibiting the latter condition (e.g., 
Triceratops, Pachyrhinosaurus), the supracranial cavity extends 
laterally and dorsally to invade and hollow the base of the supra- 
orbital ornamentation (horn-core or boss) (Forster 1990b). Min- 
imally, however, the supracranial cavity system includes the 
frontals, the postorbitals, the parietals, and the supraoccipital. 
The dorsal opening of the supracranial cavity, the frontal 
fontanelle, is formed by the frontals rostrally and laterally and 
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the parietal caudally. Caudal expansion of the frontal elimi- 
nates the postorbital from the dorsal midline, as well as from the 
border of the frontal fontanelle (Forster 1990b; Sampson 1995). 
The size and shape of the fontanelle vary greatly among cera- 
topsids, being rostrocaudally elongate and narrow in centro- 
saurines and ranging from keyhole-shaped (Chasmosaurus, Penta- 
ceratops) to oval or round (e.g., Anchiceratops, Triceratops) in 
chasmosaurines. Remarkably, a number of skulls representing 
both Centrosaurinae and Chasmosaurinae indicate that an ad- 
ditional opening pierced the floor of the supracranial cavity, 
forming a direct bony communication with the endocranial 
cavity (Gilmore 1917, 1919a; Lehman 1989; Forster 1990b; Samp- 
son 1995; Sampson et al. 1997). This feature may be variable 
among ceratopsids, or even among individuals of the same 
taxon. For example, this opening is found in some Triceratops, 
but closed over by a thin layer of bone in others (Sternberg 
1927a; Lull 1933; Forster 1996a). This latter opening, referred to 
as the frontoparietal foramen, was thought to house a photo- 
sensitive organ homologous with the pineal eye (Gilmore 1919a; 
Lehman, 1989), but this relationship is unlikely (Sampson et al. 
1997). To date, the function of this aperture remains unknown. 

In addition to their various horn morphologies, ceratopsids 
are easily recognized by the presence of an enlarged, elaborate, 
caudally projecting bony frill. Determination of the bony com- 
position of this frill, particularly the median element, was prob- 
lematic (Hay 1909; Huene 1911; Brown 1914c; Gilmore 1919b), at 
least until the discovery and description of the basal ceratopsian 
Protoceratops andrewsi (Granger and Gregory 1923; Gregory and 
Mook 1925). It then became clear (Sternberg 1927a; Brown and 
Schlaikjer 1940a) that the median portion is composed of fused 
parietals, as was asserted by Marsh (1891a) and Hatcher et al. 
(1907), while the paired squamosals formed the lateral (Chasmo- 
saurinae) or rostrolateral (Centrosaurinae) portions. Among 
ceratopsids the large parietosquamosal frill varies from 60% to 
slightly over 100% of the basal skull length. Despite the appar- 
ent enormity of this structure, it is no larger relative to the basal 
skull length than the frill of Protoceratops (65%-70%). In gen- 
eral, the frill is short in centrosaurines and the chasmosaurine 
Triceratops, but more elongate in other chasmosaurines such as 
Anchiceratops, Torosaurus, and Pentaceratops. Bilateral fenestrae are 
found in the parietals of nearly all taxa; these openings are hyper- 
trophied in species of Chasmosaurus and Pentaceratops, greatly 
reduced in Diceratops, and secondarily closed in Triceratops. 

The ceratopsid squamosal is a flattened, complex element 
that contacts the jugal, quadratojugal, and postorbital rostro- 
medially; the parietal medially and caudally; and the quadrate 
and paroccipital process rostroventrally. In centrosaurines, the 
squamosal is significantly shorter than the parietal, and the 
length of the postquadrate portion of the squamosal exceeds that 
of the rostral prequadrate portion by as much as three to two 
(Avaceratops is an exception). In chasmosaurines, the squamosal 
is enormous, equaling the parietal in length. In the small 
Chasmosaurus belli, the squamosal is often less than 1 m in 
length, whereas in one Torosaurus latus (Colbert and Bump 1947), 
the squamosal measures 1.43 m. In chasmosaurines, the post- 
quadrate portion may exceed the rostral portion by four to one. 
The ceratopsid squamosal is constricted opposite the quadrate 
articulation to form a jugal notch. On the medial surface of 
the squamosal, the attachment of the exoccipital is marked by 
a prominent ridge, rostral to which is the long slotlike cotylus 
for the quadrate. In chasmosaurines, squamosal fenestrae, usu- 
ally unilateral, are a common intraspecific variant in all genera 
except Triceratops. Although it has been suggested that these 
fenestrae are injury related (Lull 1933; Molnar 1977), their con- 
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sistent position on the squamosal and their smooth, even mar- 
gins argue against this interpretation. In all ceratopsids, the infra- 
temporal fenestra is reduced in size and restricted to a position 
below the orbit by the dorsoventral expansion of the proximal 
squamosal. The squamosal shares a broad contact with the jugal, 
excluding the postorbital from the infratemporal fenestra. 

In ceratopsids, the hypertrophied parietals fused at an early 
ontogenetic stage—even juveniles show no indication of a mid- 
line suture (Dodson and Currie 1988). The coalesced parietals 
are generally thickest sagittally and along the external borders. 
The thinnest areas occur lateral to the midline, regardless of 
whether or not parietal fenestrae are present. The shape of 
the caudal external border of the parietal varies from slightly 
convex (e.g., Triceratops) to deeply embayed (e.g., Pentaceratops, 
Chasmosaurus mariscalensis). The fused parietals form the cau- 
dal margin of the frontal fontanelle, in addition to the caudo- 
dorsal portion of the supracranial cavity, as described above. 
However, in contrast to other dinosaurs (and vertebrates gener- 
ally), they apparently do not participate in the braincase. 

The outer, peripheral margin of both the squamosal and 
parietal bears a number of regular undulations, which are capped 
by dermal ossifications known as epoccipitals. Although there 
has been considerable debate as to whether or not certain taxa 
lack these accessory ossifications, ontogenetic data suggest that 
most (and likely all) ceratopsids possessed these features (Samp- 
son et al. 1997). Much of this confusion is due to the fact that 
epoccipitals often become firmly fused to the frill margin in 
adults, obscuring any evidence of separate ossification. Epoc- 
cipitals vary greatly in shape among ceratopsids, being broad 
based and triangular in chasmosaurines and more elliptical 
with constricted bases among centrosaurines. In some chasmo- 
saurines, the parietal epoccipitals are unmodified and directed 
caudally. However, parietal epoccipitals in other chasmosaurines 
(e.g., Chasmosaurus, Pentaceratops) and virtually all centrosaurines 
are modified into a species-specific array of hornlike processes 
that may be straight or curved, with a variety of orientations. In 
Pachyrhinosaurus sp., the median parietal bar is also ornamented 
with several irregular hornlike processes (Tanke 1988; Dodson 
and Currie 1990; Dodson 1996). In adult centrosaurines, the 
laterally placed squamosal and parietal processes, with their 
attached epoccipitals, are imbricate, exhibiting a sine-wave- 
like morphology in which the rostral border of each process is 
depressed relative to the caudal border (Sampson et al. 1997). 
Largely due to the presence of these remarkably varied orna- 
mentations, the parietal is the single most diagnostic element of 
the ceratopsid skull. 

The vaulted secondary palate of ceratopsids has received little 
attention (Hatcher et al. 1907; Lull 1933; Brown and Schlaikjer 
1940a; Sternberg 1940b). The paired choanae are long and large 
because of the restriction of the palatines caudally. The palatine 
foramen is lost, and the ectopterygoids are limited in size and 
eliminated from exposure on the ventral palate by contact be- 
tween the maxilla and the palatine. The vomer is a straight 
median bar running between the pterygoids caudally and the 
palatal processes of the maxillae rostrally. The vomer is rarely 
observed in ceratopsids, but has been reported in Triceratops 
(Hatcher et al. 1907), Chasmosaurus belli (Lull 1933), and Achelou- 
saurus horneri (Sampson 1993). In at least the first two taxa, the 
vomer is oriented horizontally. A caudal transverse wing of the 
palatine achieves a vertical orientation to contact the lacrimal, 
prefrontal, and jugal medially in the vicinity of the antorbital 
foramen. Expansion of the palatine is accompanied by restric- 
tion of the ectopterygoid to a small, flattened bone on the dor- 
sum of the caudal process of the maxilla. Contact of the ecto- 


pterygoid with the palatine has been lost in ceratopsids. The ptery- 
goid is acomplex bone that retains its primitive role as a link be- 
tween the quadrate and palate, with a brace on the braincase. 

In the occipital region, the supraoccipital is excluded from the 
foramen magnum by a broad contact between the exoccipitals. 
Distinct vertical elliptical depressions mark the muscular attach- 
ments, likely of M. rectus capitis, on the supraoccipital and ex- 
occipital just off the median sagittal plane. A pair of strong rostro- 
dorsal processes of the supraoccipital supports the parietals at 
their junction with the frontals. The occiput is broad, and the 
long, deep paroccipital processes extend laterally to brace against 
the inside of the squamosal. These processes support the dorsal 
end of the quadrate, as well as the massive frill. Lateral to the 
supraoccipital, the entire dorsal margin of the parocciptal pro- 
cesses is in contact with the parietal. Two large foramina exit the 
braincase behind the paroccipital processes, just ventrolateral to 
the foramen magnum, and transmit c.nn. X, XI, and XII (Forster 
1996a). In ceratopsids, the dorsal margin of the paroccipital 
processes may show prominent depressions, indicating the 
attachment of M. longissimus capitis, which continue onto 
the ventral parietal. The exoccipitals form at least two-thirds of 
the occipital condyle. In large ceratopsids, the occipital condyle 
is huge, measuring 96 mm in diameter in Pachyrhinosaurus 
canadensis (Langston 1975) and up to 106 mm in Triceratops hor- 
ridus (Hatcher et al. 1907). The opisthotic, prootic, and latero- 
sphenoid are firmly fused in ceratopsid braincases, but the po- 
sition of foramina suggests they likely retain the usual vertebrate 
arrangement. The orbitosphenoid is apparently ossified although 
it is rarely seen as separate from the laterosphenoid, owing to 
early fusion of these elements. It is unknown whether a pre- 
sphenoid is present. The basisphenoid is indistinguishable from 
the parasphenoid. The rostral process of the parasphenoid con- 
tacts the vomer. The basipterygoid processes are shorter and more 
vertical in ceratopsids than in more basal ceratopsians. 

The long dentary has straight parallel dorsal and ventral bor- 
ders and a pronounced erect coronoid process. The coronoid pro- 
cess is offset strongly from the ramus and its apex is expanded 
rostrally into a pointed process. The medial surface of the den- 
tary bears a series of foramina that pierce the bone along the 
base of each vertical tooth family. A short diastema occurs along 
the oral margin between the predentary and the first alveolus. A 
moderate ridge running the length of the dentary on its lateral 
surface is confluent with the rostral edge of the coronoid process. 
The tooth row is strongly inset and passes medial to the coro- 
noid process. The dentary is thickest at the base of the coronoid 
process, where it surrounds the mandibular fossa, which is cov- 
ered ventromedially by an extensive splenial that meets the ar- 
ticular. In large ceratopsids such as Triceratops and Pentaceratops, 
the articular is of remarkable breadth, corresponding to the 
breadth of the quadrate condyle. The surangular contribution 
to the coronoid process is reduced in ceratopsids, forming only 
a narrow strip along the caudal coronoid margin. The angular is 
reduced as well and exposed only on the lateral aspect. 

The teeth bear a strong median ridge on their ornamented 
side (buccal in maxillary teeth, lingual in dentary teeth) and lack 
the secondary ridges seen in more primitive neoceratopsians. 
The crown is set at a high angle to the root. The occlusal surface 
is oriented nearly vertically and is continuous across all the teeth 
in the battery (Ostrom 1966). The dental battery of ceratopsids 
consists of three to five teeth in each vertical tooth family, with 
adjacent tooth crowns tightly packed against one another. The 
roots of the teeth are split and arranged labially and lingually 
so that the crown of the tooth below it nestles tightly within 
the fork of the previous tooth. This interlocking arrangement 


imparted great stability and ensured a continual replacement 
of teeth without gaps. Vascular labile bone, similar in structure 
and function to mammalian cementum, further stabilized each 
tooth in its alveolus. Lehman (1989) reports an ontogenetic in- 
crease from 20 to 28 tooth positions for Chasmosaurus maris- 
calensis, but ontogenetic data on tooth number are unknown for 
other ceratopsids. The total number of tooth positions roughly 
follows absolute skull size, ranging from 28 to 31 in Centrosaurus 
and from 36 to 40 in Triceratops. 

Hyoid bones have been described for Centrosaurus apertus 
(Parks 1921) and Triceratops horridus (Lull 1933). In C. apertus they 
take the form of simple slender rods; in T: horridus the rodlike 
ceratohyals are curved. Sclerotic rings are rarely preserved in cer- 
atopsids. A partial ring in “Monoclonius nasicornis” (= C. apertus, 
Sampson et al. 1997) preserves only five plates (Brown 1917), each 
plate overlapping approximately half of the next. The surface 
of each plate is finely rugose and the margins are irregular. 


Postcranial Skeleton 
AXIAL SKELETON 


Although there are many fine ceratopsid skulls, postcranial re- 
mains are less common in collections, and few have complete 
vertebral columns (figs. 23.5). Indeed, “Monoclonius nasicornis” 
(Brown 1917) and Anchiceratops ornatus may be the only cera- 
topsids in which the complete vertebral column is known. The 
ceratopsid vertebral formula usually consists of 10 cervicals, 12 
dorsals, and 10 sacrals. Complete caudal counts, where known, 
range from 38 to 50. 

Complete coalescence of the centra and neural arches of the 
first cervicals to form a syncervical (Ostrom and Wellnhofer 1986) 
or cervical bar (Langston 1975) characterizes all ceratopsids. It 
has been controversial whether the syncervical incorporates 
the first three (Brown 1917) or the first four (Hatcher et al. 1907) 
cervicals; Romer (1956) accepted three or four cervicals. The 
consensus for many years favored the interpretation of three 
cervicals (e.g., Parks 1921; Lull 1933; Brown and Schlaikjer 
1940a; Sternberg 1951; Langston 1975; Sereno 1986). In the neo- 
ceratopsian Leptoceratops gracilis, the atlas is small and bears no 
neural spine; the first three cervicals co-ossify only when large 
size is achieved (Sternberg 1951). Ostrom and Wellnhofer (1986) 
suggest the unlikelihood that the atlas had a separate neural 
arch in Triceratops. Acceptance of this view implies that the at- 
las has been severely reduced in most neoceratopsians and that 
the small cranial element represents a vestigial atlas. However, 
the complete ring formed by the atlas in Triceratops (Hatcher et 
al. 1907) may argue for the presence of a fused atlantal centrum 
and neural arches. The ceratopsid syncervical thus incorpo- 
rates a fused atlas-axis complex as well as cervicals 3 and 4. This 
view is accepted herein and vertebral counts are correspondingly 
adjusted. 

Cervicals 5-10 in ceratopsids are short and broad. The neural 
spines are uniform in height in Triceratops (Hatcher et al. 1907; 
Ostrom and Wellnhofer 1986), whereas in other ceratopsids the 
spines form a graded series increasing in height caudally. The 
cervical neural spines are low in long-frilled Chasmosaurus belli 
(Sternberg 1927b) and Pentaceratops sternbergii (Wiman 1930), 
and comparatively high in Anchiceratops ornatus (Lull 1933). Ad- 
ventitious fusion of cervicals 5 and 6 is reported in Styracosaurus 
albertensis (Brown and Schlaikjer 1937) and of cervicals 6 and 
7 in Centrosaurus apertus (Lull 1933). Cervical 10 is the last pre- 
sacral vertebra with the capitular facet on the centrum (Brown 
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FIGURE 23.5. Axial skeleton and pelvis of ceratopsids: A-C, syncervical vertebrae (left lateral view), A, Styracosaurus albertensis, 
B, Pachyrhinosaurus canadensis, C, Triceratops horridus; D, cranial dorsal vertebra of Centrosaurus apertus (left lateral and cranial 
views); E, mid-dorsal vertebra of Centrosaurus apertus (left lateral and cranial views); F, dorsal vertebra of Chasmosaurus canadensis 
(left lateral and cranial views); G, cranial dorsal vertebra of Triceratops horridus (left lateral and cranial views); H, caudal dorsal 
vertebra of Triceratops horridus (left lateral and cranial views); I, dorsal vertebra of Centrosaurus apertus (left lateral view); J-L, dorsal 
vertebra (cranial view), J, Styracosaurus albertensis, K, Pachyrhinosaurus canadensis, L, Triceratops horridus; M, N, sacrum and ilia 
(dorsal view), M, Centrosaurus apertus (= “Monoclonius flexus”), N, Triceratops horridus; O, P, pelvis (left lateral view), O, Centrosaurus 
flexus, P, Chasmosaurus mariscalensis. Scale = 10 cm. (A, B, J, K after Langston 1975; C, D, G, H, L, N after Hatcher et al. 1907; 

E, I, M after Lull 1933; F after Tyson 1977; P after Lehman 1989.) 


1917). Double-headed ribs are borne on all centra beginning 
with cervical 3. The tuberculum is prominent, and the shaft is 
short and straight. Elongation of the ribs usually begins with the 
sixth except for Triceratops, in which the eighth rib is short as 
well (Ostrom and Wellnhofer 1986). The first long rib articulates 
with cervical 9 (considered dorsal 1 by Hatcher et al. 1907). 

The usual number of free dorsals in ceratopsians is 12, but up 
to three additional dorsal centra may be incorporated into the 
sacrum as sacrodorsals. In ceratopsids, the dorsal centra are 
axially short and the neural arches are high. Mid-dorsal centra 
are significantly narrower than midcervical centra, a feature 
that is more striking in chasmosaurines than in centrosaurines. 
Faces of the dorsal centra are either round or pear-shaped. The 
neural canal decreases in diameter caudally along the dorsal 
series. Transverse processes are strongly elevated by dorsal 3 
but decrease in prominence in the caudal half of the series, the 
region in which the zygapophyses increase in prominence. 
Neural spines are robust and generally show little variation in 
height, although there is more variation in Chasmosaurus belli 
(Sternberg 1927b) and Pentaceratops sternbergii (Wiman 1930) than 
in others. The tallest dorsal spine varies in position from dorsal 
5 to 7 (C. belli, P. sternbergii, Sternberg 1927b; Wiman 1930), to 
dorsal 7 to 8 (Centrosaurus apertus, Brown 1917; Lull 1933). Bundles 
of ossified epaxial tendons have been noted in the cranial dorsal 
region of Styracosaurus albertensis (Brown and Schlaikjer 1937), 
the mid-dorsal region of Triceratops horridus (Hatcher et al. 1907), 
and the dorsal and sacral regions of “M. nasicornis” (Brown 
1917). In T. horridus tendons lie parallel at the summits of the 
arches. In “M. nasicornis,” Brown described a “mass” of tendons, 
lacking any regular order, possibly due to poor preservation of 
their original positions. It is reasonable to assume that all cera- 
topsids had ossified epaxial tendons. Dorsal ribs are figured by 
Gilmore (1917) and Ostrom and Wellnhofer (1986), and are 
described by Brown (1917). The second to sixth dorsal ribs are 
subequal in length, after which there is a variable shortening 
caudally. The twelfth rib may be weak. The cranial dorsal ribs 
are comparatively straight with a prominent tuberculum widely 
separated from the capitulum. In the mid-dorsal region, the ribs 
are more curved and the tuberculum less prominent. Caudally, 
the tuberculum is weak and closer to the rib head. 

The sacrum of ceratopsids consists of ten variably ankylosed 
centra (11 in Pentaceratops sternbergii, Wiman 1930), including 
three sacrodorsals, four sacrals with both transverse processes 
and sacral ribs, and three sacrocaudals. The degree of fusion 
among sacral vertebrae has a strong ontogenetic basis. In the 
juvenile centrosaurine “Brachyceratops montanensis” (USNM 7951; 
Gilmore 1917), there is no fusion, but eight centra are in sutural 
contact. A heavy, ventral acetabular bar, formed by the fusion of 
distally expanded sacral ribs, runs half the length of the sacrum. 
Sacral ribs are robust and abut the ilium; expanded distal ends 
may fuse (in Triceratops horridus, cranial four and caudal two; 
Hatcher et al. 1907). In Triceratops and Pentaceratops sternbergii, 
the seventh and eighth transverse processes are the longest, and 
the following ones are shorter, thus imparting an “oval” shape to 
the sacrum in dorsal view. However, in Centrosaurus apertus (Lull 
1933), the oval shape is scarcely discernible. The neural arches 
are low and broad and fused to a variable degree. In Pentaceratops 
all spines are distinct; in Triceratops spines 2 to 5 are fused; and 
in Styracosaurus albertensis (Brown 1917), spines 2 to 7 are fused. 
Sacral centra are wide and low, and the sacrum is arched dor- 
sally, with the result that the base of the tail is directed down- 
ward. The ventral surface of the sacrum is strongly excavated in 
chasmosaurines and less strongly so in centrosaurines (Lehman 
1990). In the juvenile centrosaurine Brachyceratops montanensis, 


the first sacral is the broadest, while in Centrosaurus apertus, 
sacrals I-III are wide, sacrals IV-VII are narrow, and the remain- 
ing sacrals broaden again. 

Complete caudal series are rarely found. The number of 
caudals in Styracosaurus albertensis is 46 (Brown 1917), and in 
Anchiceratops ornatus 38 or 39 (Lull 1933). In Pentaceratops stern- 
bergii, 28 caudals are preserved (Wiman 1930), and the last is so 
small that it is unlikely there were more than about five others. 
The caudals are simple, the size of all components decreas- 
ing steadily toward the end of the tail. Transverse processes 
terminate halfway down the tail (caudal 19 in Pentaceratops 
fenestratus, caudal 23 in Styracosaurus albertensis, caudal 25 in 
Brachyceratops montanensis). Chevrons are about as long as 
their corresponding neural spines but incline backward more 
strongly; they terminate about five segments from the end of 
the tail. 


APPENDICULAR SKELETON 


Long bones of large ceratopsid genera (e.g., Triceratops, Toro- 
saurus, Hatcher et al. 1907; Johnson and Ostrom 1995) show 
hypertrophied ends with rugose textures, otherwise seen in 
sauropods, which are indicative of thick terminal cartilage pads. 
Medium-sized ceratopsids (e.g., Centrosaurus, Chasmosaurus) have 
more modestly expanded ends with smooth textures. A scapu- 
lar spine is prominent in ceratopsids, usually crossing from the 
caudal supraglenoid ridge distally to the craniodorsal blade (fig. 
23.6). The large coracoid has a long caudal process that effec- 
tively limited the range of humeral extension. In adults the 
coracoid fuses to the scapula, which forms two-thirds of the 
glenoid fossa, with the coracoid forming one-third. Ossified 
clavicles have never been reported in ceratopsids. Paired, flat, 
bean-shaped sternal plates are closely appressed and may have 
supported cartilaginous sternal ribs. 

There is always a strong disparity in the relative lengths of 
the forelimbs and hindlimbs, the former being only about 70% 
the length of the latter. The head of the humerus is hemispheric 
and eccentric, extending onto the proximocaudal surface of 
humerus. In ceratopsids the prominent deltopectoral crest ex- 
tends distally half or more the length of the humerus. Cera- 
topsids have a pronounced olecranon process on the ulna, longer 
in chasmosaurines than in centrosaurines (Adams 1988). The 
humerus exceeds the radius in length. Four small, flat carpals 
are ossified in ceratopsids. The manus is always smaller than the 
pes and is comparatively short and broad. The metacarpals do 
not tightly interlock with one another, and were apparently 
arranged to form a strong arch when viewed proximally. The 
phalangeal formula of the manus is 2-3-4-3-1 or 2. The unguals 
on the first three digits are small, dorsoventrally compressed, 
and blunt and irregular distally. Digits IV and V terminate in 
small, irregular nubbins of bone. 

Inceratopsids, the ilium is long and low, straight in forms such 
as Triceratops (Hatcher et al. 1907), but showing marked deflection 
of the cranial preacetabular process in others such as Chasmo- 
saurus (Lehman 1989). The entire dorsal margin is everted into a 
horizontal shelflike structure. A large supracetabular process 
(“antitrochanter”) lies caudal to the ischial peduncle. The pre- 
pubic process is pronounced, extending as far cranially as the 
tip of the ilium and flaring distally. The pubic shaft is extremely 
short, barely reaching beyond the acetabulum. The ischium is 
robust and decurved. This curve is extremely developed in 
chasmosaurines (Lehman 1990). The femur (fig. 23.7) is always 
longer than the tibia, even among juveniles (e.g., Brachyceratops 
montanensis, Gilmore 1917; Avaceratops lammersi, Dodson 1986). 
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FIGURE 23.6. Forelimb skeleton of ceratopsids: A, B, left scapulocoracoid of Centrosaurus apertus (lateral view); C, left scapula of 
Styracosaurus albertensis (lateral view); D-F, left scapulocoracoid (lateral view), D, Chasmosaurus mariscalensis (lateral view; after 
Lehman 1989), E, Pentaceratops sp., F, Triceratops horridus; G-J, left humerus (caudal view), G, H, Centrosaurus apertus, 1, Chasmosaurus 
mariscalensis, J, Triceratops horridus; K-M, left ulna (medial view), K, Centrosaurus apertus, L, Chasmosaurus mariscalensis, M, Triceratops 
horridus; N-P, left radius (cranial view), N, Centrosaurus apertus, O, Chasmosaurus belli, P, Triceratops horridus; Q, left manus of 
Centrosaurus apertus (dorsal view). Scale = 10 cm. (A, G, K, N, Q after Lull 1933; B, H after Parks 192; C after Langston 1975; 

D, I, Lafter Lehman 1989; E after Lehman, 1993; F, J, M, P, after Hatcher et al. 1907.) 


The greater and cranial trochanters are fused on the proximal fe- 
mur and the fourth trochanter is reduced to a low prominence 
approximately halfway down the femur. The distal femoral con- 
dyles are nearly equal in size; however, the lateral condyle ex- 
tends more distally than the medial one (Lehman 1982). From 
this, it may be inferred that the action of the femur was not 
in the vertical plane. Calcanea are flattened and may be fused 
to the lateral aspect of the astragalus. Two distal tarsals are usu- 
ally found, although three are reported in Chasmosaurus belli 
(Lull 1933) and Brachyceratops montanensis (Gilmore 1917). The 
foot is short and robust. There are four functional metatarsals 
(I-IV) and frequently a small splint representing metatarsal V. 
The phalangeal formula in all neoceratopsians is 2-3-4-5-0. Un- 
guals are blunt and rounded with irregular margins. 
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Integument 


Impressions of patches of skin have been described for several 
ceratopsids (Chasmosaurus belli, Lambe 1914b; “Monoclonius na- 
sicornis,” and “M. cutleri,” Brown 1917; C. belli, Sternberg 1925; 
“M. cutleri,” Lull 1933). A large impression from the right pelvic 
area of C. belli (Sternberg 1925) shows a texture of large circular 
plates up to 55 mm in diameter set in irregular rows and decreas- 
ing in size ventrally. The spacing between plates varies from 50 
to 100 mm. Between the circular plates are fields of smaller, 
polygonal, nonimbricating scales. In “M. cutleri” (Brown 1917; 
Lull 1933:pl. ID), skin over the distal femur has the same gen- 
eral pattern as described for Chasmosaurus belli, except that the 
rounded plates are more widely separated. 


Phylogeny and Evolution 


An understanding of intraspecific variation, either explicit or 
implicit, is a prerequisite for phylogenetic analysis—species 
identified in such research must obviously represent discrete bio- 
logical units. With such an abundant fossil record, ceratopsids 
provide a rare opportunity to address the issue of variation di- 
rectly, and several recent studies have done just that. For example, 
acentury of paleontology in western North America resulted in 
16 named species of Triceratops, distinguished from one another 
on the basis of minor variations in skull morphology. Modern 
thought has emphasized within-species biological variability 
as a basis for rationalizing taxonomy. Ostrom and Wellnhofer 
(1986), arguing largely on the basis of analogy with extant her- 
bivorous taxa, posited that all of this variation could be accom- 
modated within a single species, Triceratops horridus. 

Forster (1996b) took a more rigorous approach to the Tri- 
ceratops problem, conducting a morphometric and cladistic 
study of skulls in order to address this issue of species resolu- 
tion. She identified two forms that overlap geographically and 
stratigraphically—one centered on T: horridus and the other on 
T. prorsus. While recognizing that sexual dimorphism may be 
a causal factor, Forster accepted these different forms as valid 
species based on the congruence of three variable characters 
within the genus and a separation of the two in morphospace. 
She also recognized the closely related Diceratops hatcheri, rep- 
resented by a single skull, as an additional valid taxon. Sub- 


FIGURE 23.7. Hindlimb elements of 
ceratopsids: A-D, left femur (caudal 
view), A, Styracosaurus albertensis; B, 
Pachyrhinosaurus canadensis, C, 
Chasmosautus belli, D, Triceratops horridus; 
E, left tibia, astragalus, and calcaneum 
Centrosaurus apertus (cranial view) ; F-H, 
left tibia (cranial view), F, Styracosaurus 
albertensis, G, Pachyrhinosaurus canadensis, 
H, Chasmosaurus belli; 1, left tibia, 
astragalus, and calcaneum of Triceratops 
horridus (cranial view); J, K, left fibula 
(lateral view), J, Centrosaurus apertus, 

K, Triceratops horridus; L, M, left distal 
tarsals (proximal view), L, “Brachyceratops 
montanensis,” M, Centrosaurus apertus; N, 
O, left pes (dorsal view), N, Centrosaurus 
sp.,O, Centrosaurus apertus. Scale = 10 cm. 
(A, B, F, G, after Langston 1975; D, I, K after 
Hatcher et al. 1907; E, J after Lull 1933; 
Lafter Gilmore 1917; M after Brown and 
Schlaikjer 1940a; N, O after Brown 1917.) 


sequently, Lehman (1990, 1998) followed Ostrom and Welln- 
hofer (1986), arguing for a single, morphologically diverse species 
of Triceratops. According to Lehman, the characters distin- 
guishing the two species of Triceratops in Forster’s scheme are 
gradational and consistent with intraspecific variation rather 
than discrete morphs. Similar disagreements have complicated 
understanding of the species of Chasmosaurus from Alberta. God- 
frey and Holmes (1995) analyzed variability in Chasmosaurus 
and recognized two morphs, which they interpreted as two 
species (C. russelli and C. belli). Lehman (1997) later argued that 
these differences are due to intraspecific variability, and he pos- 
tulated a single species of Chasmosaurus. Recent efforts to re- 
locate Chasmosaurus in a stratigraphic context suggests that 
these two forms of Chasmosaurus occur in different levels of the 
Dinosaur Park Formation, strengthening the view that they rep- 
resent two distinct species (Holmes et al. 2001; Ryan, pers. 
comm.). Recently, a third species of Chasmosaurus from Al- 
berta was named, C. irvinensis, which occurred in younger strata 
than either C. belli or C. russelli (Holmes et al. 2001). 

Detailed studies of large, low-diversity bone beds (see below) 
have also yielded primary insights into ceratopsid variation 
(Lehman 1989; Rogers 1990; Ryan 1990; Sampson 1995; Samp- 
son et al. 1997; Sampson and Ryan 1997). In particular, these 
studies have increased our understanding of ceratopsid ontogeny, 
which has obvious relevance in delimiting taxa for phylogenetic 
analyses. Sampson et al. (1997) examined large fossil samples 
from several centrosaurine bone beds and establish three age 
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classes (juvenile, subadult, and adult) on the basis of multiple 
criteria (e.g., suture closure, absolute size, bone surface texture). 
They found that most species-specific characters occur on the 
horns and frills and that these features were expressed fully only 
after the onset of adult size. As a result of this pattern of retarded 
growth, which is also common among extant vertebrates, centro- 
saurine juveniles look similar, and it is difficult to distinguish 
taxa based solely on juvenile or subadult remains. Moreover, 
Sampson et al. (1997) argued that certain taxa—namely Brachy- 
ceratops montanensis and Monoclonius crassus—should be re- 
garded as nomina dubia since they are based on juveniles and/or 
subadults that had not expressed adult features at the time of 
death. In support of the latter notion, large but unadorned, 
“Monoclonius-like” skull elements were recovered from virtually 
all of the bone beds, which span millions of years in the Cam- 
panian and Maastrichtian. 

Tumarkin and Dodson (1998) accepted the age criteria ad- 
vanced by Sampson et al. (1997) and further developed the 
concept of heterochrony as an important mechanism enhancing 
the evolution of ceratopsid diversity. Heterochrony, the change 
of timing of developmental events in relation to the ancestral 
condition, is held by Weishampel and Horner (1994) and Long 
and McNamara (1997) to be a major and hitherto largely un- 
recognized factor in the morphological evolution of dinosaurs. 
Tumarkin and Dodson (1998) took issue with the view that Mono- 
clonius crassus should be regarded as an invalid taxon. In their 
opinion, at least one individual (referred to “Monoclonius lowei”) 
is too large to be a juvenile of any known Judithian centro- 
saurine; instead they interpret it as a neotenic form; that is, one 
that maintains juvenile morphology at large size. By similar rea- 
soning, they believe that Avaceratops may be a progenetic form 
that matured at a small body size. However, other researchers 
consider Avaceratops to be simply a juvenile or subadult (e.g., 
Sampson et al. 1997). These issues are unresolved, but studies are 
under way to develop modern models for aging techniques such 
as bone texture development. 

If the horns and frills of ceratopsids functioned as sexual sig- 
naling devices (see below), one might expect to find a high de- 
gree of sexual dimorphism. Dimorphism between the sexes has 
been postulated for the basal ceratopsian Protoceratops (Kurzanov 
1972; Dodson 1976). Dodson (1976), in particular, found the 
most reliable indicators of sex to be the nasal prominence and the 
parietosquamosal frill shape in Protoceratops. Sexual dimorphism 
in horn and frill morphologies has also been posited for sev- 
eral ceratopsids, including both chasmosaurines (Lehman 1989, 
1990) and centrosaurines (Dodson 1990c). Sample sizes are in- 
variably small, however, and are further hampered by post- 
mortem distortion (e.g., Forster 1990b). Thus, while two morphs 
may be identifiable within a given sample, it is often impossible 
to determine whether this variation relates to sexual differences, 
phylogenetic separation, or even intraspecific variation. Thus, 
to date, there is no unequivocal evidence of sexual dimorphism— 
relating either to body size or ornamentation—in any ceratopsid 
(Forster 1990b; Sampson et al. 1997; Lehman 1998). 

Interestingly, however, among various extant vertebrates, sex- 
ual dimorphism tends to be minimal or absent in small-bodied 
taxa, greatest in middle-size taxa (80-300 kg), and reduced in 
large-bodied taxa (>300 kg), particularly in gregarious forms in- 
habiting open environments (Walther 1966; Estes 1974; Geist 
1974, 1978; Jarman 1983). Sexual dimorphism in the latter cate- 
gory tends to be concentrated on horns and other “social organs.” 
Thus, given that there is independent evidence suggesting that 
ceratopsids may be gregarious and/or lived in open environments 
(see below), it may be that the observed pattern also character- 
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ized ceratopsids. Sampson et al. (1997) expected to find minimal 
sexual dimorphism in ceratopsids and, where present, dimor- 
phism should be concentrated in the horns and frills. 

The investigation of these myriad sources of variation in cer- 
atopsids and their apportionment to individual, ontogenetic, 
sexually dimorphic, and species-specific variation has provided 
the basis for much discussion of ceratopsid phylogenetic rela- 
tionships. Ceratopsidae has always been considered a mono- 
phyletic group (e.g., Hatcher et al. 1907), a view supported by 
numerous recent studies (e.g., Sereno 1984, 1986; Maryanska and 
Osmolska 1985; Dodson and Currie 1990; Forster 1990b; Samp- 
son 1995). Hatcher et al. (1907) divided Ceratopsidae into two 
groups: a Monoclonius-Triceratops group (also including Diceratops, 
“Agathaumus,” and Centrosaurus), and a “Ceratops”-Torosaurus 
group. Lambe (1915) later divided ceratopsids into three sub- 
families: Eoceratopsinae, Centrosaurinae, and Chasmosaurinae. 
Lull (1933) reverted to the two-group system of Hatcher et al., 
diagnosing each group largely on the basis of frill length. Lull 
recognized a “short-crested” lineage (Centrosaurus, Styracosaurus, 
Triceratops) and a “long-crested” lineage (Chasmosaurus, Anchi- 
ceratops, Pentaceratops, Arrhinoceratops, Torosaurus), and this di- 
vision has persisted in both the scientific and popular literature 
(e.g., Steel 1969; Thulborn 1971a; Colbert 1981; Norman 1985). 

Sternberg (1949) also subdivided Ceratopsidae into two lin- 
eages, but removed Triceratops from the “short-squamosaled” 
group by hypothesizing a “long-squamosaled” origin for this 
genus. Langston (1967), citing characters of the premaxilla, 
concurred with this reassignment of Triceratops and added 
Pachyrhinosaurus to the “short-squamosaled” group. Langston’s 
paper marked the first use of a character other than frill length 
to diagnose ceratopsid subfamilies. The placement of Triceratops 
within the “long-squamosaled” clade Chasmosaurinae has been 
upheld by subsequent analyses (e.g., Dodson and Currie 1990; 
Forster 1990b). 

Lehman (1990) revived two of Lambe’s (1915) three sub- 
families, formally subdividing Ceratopsidae into Chasmosauri- 
nae and Centrosaurinae, a division upheld by all subsequent 
studies. Recent consideration of historical relationships, in- 
cluding cladistic analyses, within Ceratopsidae include those 
of Lehman (1990, 1998, Chasmosaurinae), Dodson (1990c, Cen- 
trosaurinae), Dodson and Currie (1990, Ceratopsidae), Forster 
(1990b, Ceratopsidae); Godfrey and Holmes (1995, Chasmo- 
saurus); Sampson (1995, Centrosaurinae), and Penkalski and 
Dodson (1999, Centrosaurinae). While all these studies support 
the monophyly of Ceratopsidae, Centrosaurinae, and Chasmo- 
saurinae, the arrangement of taxa within each clade differs 
among them. Additionally, Penkalski and Dodson (1999) re- 
moved Avaceratops from Ceratopsidae, suggesting instead that 
this genus is the sister to all other ceratopsids. 

To examine phylogenetic relationships among ceratopsid 
genera, a cladistic analysis was performed employing 12 ingroup 
taxa: Achelousaurus, Anchiceratops, Arrhinoceratops, Centrosaurus, 
Chasmosaurus, Diceratops, Einiosaurus, Pachyrhinosaurus, Penta- 
ceratops, Styracosaurus, Torosaurus, and Triceratops. Outgroups used 
for this analysis were Protoceratops and Zuniceratops. The data 
matrix for this study was culled from a more comprehensive, 
species-level analysis of ceratopsid relationships (Forster and 
Sampson, in review). The tree presented here was rooted using 
Zuniceratops and Protoceratops as outgroups. This analysis in- 
cluded 73 cranial and postcranial characters and was optimized 
using delayed transformations. Multistate characters 17, 29, 31, 
and 71 were ordered based on ontogenetic information, and all 
characters were equally weighted. The data were analyzed using 
PAUP and manipulated in MacClade. 
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Zuniceratops 
Achelousaurus 
Styracosaurus 
Centrosaurus 
Chasmosaurus 
Pentaceratops 
Arrhinoceratops 
Anchiceratops 


ro\ Pachyrhinosaurus 
Einiosaurus 


Three most parsimonious trees resulted from this analysis 
(L=85 steps, CI = 0.906, HI = 0.094, RI= 0.941), which strongly 
support the monophyly of Ceratopsidae, Centrosaurinae, and 
Chasmosaurinae. The instability in these trees is due entirely 
to ambiguity in the placement of Einiosaurus within Centro- 
saurinae. Einiosaurus is either the sister to all other centro- 
saurines, the sister to Centrosaurus-Styracosaurus, or the sister 
to Achelousaurus-Pachyrhinosaurus. All other taxa remain stable 
in all trees. The strict consensus tree is identical to the Adam’s 
consensus tree and is shown in figure 23.8. 

Zuniceratops, the sister group to Ceratopsidae, possesses 
characters previously thought to be restricted to Ceratopsidae. 
In this analysis, two unambiguous characters are pulled down 
to the Zuniceratops + Ceratopsidae node: the presence of supra- 
orbital ornamentation and a craniocaudally expanded distal 
coronoid process. The development of supraorbital horns, long 
thought to be a diagnostic character of Ceratopsidae, occurred 
prior to the origination of this clade and suggests that long 
supraorbital horns are primitive for Ceratopsidae. Likewise, the 
expanded coronoid process of Zuniceratops indicates that this 
feature preceded the origination of Ceratopsidae. However, the 
full complement of characters observed in the complex masti- 
catory system of ceratopsids remains only partially developed in 
Zuniceratops. For example, Zuniceratops still retains single-rooted 
cheek teeth. 

The definition and diagnosis of Ceratopsidae is presented at 
the beginning of this chapter. Of the two subclades of Ceratop- 
sidae, Centrosaurinae is defined as all Ceratopsidae closer to 
Centrosaurus than to Triceratops and is diagnosed by ten un- 
ambiguous and five ambiguous (where noted) characters: pre- 
maxillary oral margin extends below the alveolar margin, the 
caudoventral premaxillary process inserts into the nasal (am- 
biguous), postorbital horns less than 15% of the basal skull 
length, a jugal infratemporal flange, short parietosquamosal frill 
(0.70 or less than the basal skull length [ambiguous]), parietal 
marginal imbrication, squamosal much shorter than parietal, 
squamosal rostromedial lamina, median bar wide (ambiguous), 
the epoccipital crosses the parietal-squamosal joint (ambiguous), 
pattern of epoccipital fusion from caudal to rostral, six to eight 
parietal epoccipitals per side, parietal epoccipital at locus 2 
medially directed, parietal epoccipital at locus 3 modified into 


FIGURE 23.8. Cladogram of Ceratopsidae. Adams 
consensus of three trees (L=85 steps, CI = 0.906, 

HI =0.094, RI=0.941). Numbers indicate how many 
synapomorphies are found at each node. 
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a large horn (ambiguous), and predentary triturating surface 
inclined steeply laterally. 

Chasmosaurinae, the other subclade of Ceratopsidae, is de- 
fined as all members of Ceratopsidae closer to Triceratops than 
to Centrosaurus. It is diagnosed by ten unambiguous characters: 
rostral enlarged with a deeply concave caudal margin and hyper- 
trophied dorsal and ventral processes, premaxillary septum, pre- 
maxillary narial strut, presence of an interpremaxillary fossa, 
rostrally elongate premaxillary narial process, keyhole-shaped 
fontanelle, triangular squamosal epoccipitals, rounded ventral 
sacrum (sulcus absent), ischial cross section laterally compressed 
with bladelike dorsal margin, and ischial shaft broadly and con- 
tinuously decurved. 

The basal structure among chasmosaurines is moderately 
well supported, with the Triceratops (Diceratops + Torosaurus) 
plus Anchiceratops-Arrhinoceratops clade supported by four un- 
ambiguous and three ambiguous (where noted) characters: 
caudoventral premaxillary process inserts into nasal (ambigu- 
ous), nasal ornamentation located over the dorsal or rostro- 
dorsal naris, postorbital ornamentation arises caudodorsal or 
caudal to orbit, postorbital horns straight or rostrally curved 
(ambiguous), supracranial cavity deep and complex, frontal fon- 
tanelle round to oval, and parietal median bar wide (ambigu- 
ous). The Triceratops (Diceratops + Torosaurus) clade is united by 
three unambiguous synapomorphies: recess in the ventral pre- 
maxillary septum, large and deep recess in the premaxillary sep- 
tum, and recess in the premaxillary narial process. Similarly, the 
Chasmosaurus-Pentaceratops clade is united by three unambigu- 
ous and one ambiguous (as noted) characters: bony flange along 
the caudal margin of the narial strut, forked distal end of the 
premaxillary caudoventral process, large parietal fenestrae (45% 
or more total parietal length), and parietal epoccipital at locus 1 
caudally directed (ambiguous). 

Although this analysis results in nearly complete resolution 
among all ceratopsid genera, in some cases the support for lower 
level relationships is weak. For example, among centrosaurines 
only one additional step is required to collapse the Achelousaurus- 
Pachyrhinosaurus clade and two steps are required to collapse the 
Centrosaurus-Styracosaurus clade. Within chasmosaurines, one 
additional step is needed to collapse both the Arrhinoceratops- 
Anchiceratops and Diceratops-Torosaurus node. 


CERATOPSIDAE 509 


The centrosaurine Avaceratops was eliminated from the final 
analysis because of its subadult status (a number of characters 
are coded for the adult condition only) and lack of crucial diag- 
nostic morphology (e.g., nasals, postorbitals, and parietal epoc- 
cipitals). Nevertheless, Avaceratops shares a number of charac- 
ters exclusively with Centrosaurinae (e.g., squamosal length and 
morphology, premaxillary morphology), supporting its place- 
ment within this clade. 


Historical Biogeography 


To date remains of ceratopsids have been confirmed only in 
western North America (Canada, United States, and Mexico), as 
has their closest outgroup, Zuniceratops, implying a wholly 
North American origin and evolution for Ceratopsidae. A third 
taxon has figured prominently in recent discussions of cera- 
topsid phylogeny and biogeography—Turanoceratops tardabilis 
—reported by Nessov et al. (1989) from the Upper Cretaceous 
(?Coniacian) Bissekty Formation of Uzbekistan. Based on isolated 
and fragmentary materials, Turanoceratops was reported to in- 
clude double-rooted teeth and supraorbital horns, leading Nessov 
(1995) to claim that it was a ceratopsid. Based on his analysis, a 
number of authors have regarded Turanoceratops as the sister 
taxon to Ceratopsidae (e.g., Sereno 1997; Chinnery and Weisham- 
pel 1998; Wolfe and Kirkland 1998), suggesting that ceratopsids 
may have had an Asian origin. However, problems with the 
Turanoceratops material make these interpretations untenable. 
First, the lack of association among the fragments assigned to 
Turanoceratops make it impossible to confidently associate this 
material with a single taxon. Additionally, Makovicky (2002), 
after reexamining these materials, reported that the teeth are 
single-rooted as in nonceratopsid ceratopsians, and suggested 
that the supraorbital horn may conceivably belong to a thyreo- 
phoran. He regarded Turanoceratops as a nomen dubium, an assess- 
ment that we follow here. Therefore, the origin and evolution of 
Ceratopsidae is restricted entirely to North America. 

Ceratopsids spread widely throughout western North Amert- 
ica during the Late Cretaceous. Centrosaurines are best known 
from more northerly regions, particularly Albertaand Montana, 
yet their remains have been recovered from as far north as Alaska 
(Clemens and Nelms 1993) and as far south as New Mexico 
(Williamson 1997) and Mexico (Sampson, unpublished data). 
Chasmosaurines were also latitudinally widespread, known from 
southern Canada down to Mexico. 


Taphonomy and Paleoecology 


The fossil record of ceratopsids is exceptional, one of the best 
known for any major group of dinosaurs. All genera are repre- 
sented by essentially complete skulls, almost all by multiple 
individuals, and about half by associated skeletal material. Al- 
though preservation of solitary individuals is common, nu- 
merous examples of low-diversity bone beds, or mass death 
assemblages, of ceratopsids are known. To date, mass death as- 
semblages of horned dinosaurs have been found in Alberta 
(Langston 1975; Currie and Dodson 1984; Tanke 1988; Ryan and 
Russell 1994; Eberth 1996; Ryan et al. 2001b), Montana (Rogers 
and Sampson 1989; Rogers 1990; Horner et al. 1992), and Texas 
(Lehman 1989). White et al. (1998) documented occurrences 
of Triceratops across the spectrum of depositional environments 
preserved in the Hell Creek Formation, including channel de- 
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posits (thalweg, point bar, and toe-of-point bar), floodplain 
paleosols and ponds, as well as distal levees. However, despite 
abundant material, monotypic bone beds of Triceratops are not 
known in the Hell Creek Formation or elsewhere. 

Ceratopsid bone beds consist of abundant, disarticulated 
remains (Langston 1975; Currie 1981, 1987b; Currie and Dod- 
son 1984; Lehman 1989; Sampson 1995; Sampson et al. 1997). 
Bone-bed assemblages are currently known for Anchiceratops 
ornatus, “Brachyceratops montanensis,” Centrosaurus apertus, Chas- 
mosaurus belli, C. mariscalensis, Einiosaurus procurvicornis, Pachy- 
rhinosaurus canadensis, an undescribed pachyrhinosaur, and 
Styracosaurus albertensis (Sternberg 1970; Currie and Dodson 
1984; Tanke 1988; Rogers 1990; Horner et al. 1992; Sampson 
1995, Sampson et al. 1997; Ryan et al. 2001b). Many of these 
sites preserve evidence of dozens or hundreds of individuals, 
and some may have more than 1,000 (Eberth 1996). In virtually 
all instances, the great majority of elements belong to a single 
species. While most isolated ceratopsid materials consist of 
mature individuals whose skulls exhibit partial or complete 
closure of sutures, bone beds often contain juveniles and sub- 
adults, as well as adults. Thus, these mass deaths offer a window 
into ceratopsid ontogeny, and into the breadth of intraspecific 
variation generally. Interestingly, while Triceratops is one of the 
most commonly occurring of all dinosaurs (Dodson 1990c), it 
occurs primarily as solitaires; no bone beds or evidence of mass 
death have been reported. 

Such remarkable concentrations of bones belonging to a 
single species suggest that ceratopsids congregated in large, gre- 
garious accumulations that were susceptible to mass mortality. 
Bone beds in channel deposits indicate that flooding may have 
been responsible for mass drowning in some cases (Currie and 
Dodson 1984). Another interpretation is that channel deposits 
concentrated individuals into large accumulations. Other bone 
beds, however, occur in overbank or floodplain sediments asso- 
ciated with quiet water environments. Drought is the primary 
cause of mass death accumulations today (e.g., Corfield 1973; 
Haynes 1987, 1988), with carcasses of large herbivores often con- 
centrated around waterholes. Evidence of strong seasonality and 
semiarid conditions in association with ceratopsid bone beds 
indicates that drought may also have been a major killing agent 
during the Late Cretaceous (Rogers 1990). Mass bone-bed accu- 
mulations have sometimes been interpreted as evidence for herd- 
ing behavior in ceratopsids (e.g., Currie and Dodson 1984). How- 
ever, waterholes also may act to concentrate large numbers of 
individuals of otherwise solitary species during times of drought. 
Caution, plus knowledge of the taphonomy of each site, must be 
taken into account before framing such behavioral hypotheses. 

There is still a question as to the preferred environment(s) 
of ceratopsids. They were large-bodied herbivores, and some of 
the bone-bed evidence suggests that some species may have been 
gregarious for at least a portion of the year. If so, they probably 
moved through a range of environments. A number of studies 
suggest that ceratopsids were more abundant in coastal habitats 
than inland (Lehman 1987; Brinkman 1990; D. B. Brinkman et 
al. 1998; but see Lehman 1997). Notably, however, D. B. Brink- 
man et al. (1998) found that the large, low-diversity ceratopsid 
bone beds in upper Campanian sediments of Dinosaur Provin- 
cial Park, Alberta, occur with much greater frequency in inland 
deposits. These authors interpreted this result as possible evi- 
dence of seasonal movements in response to climate variations. 
That is, small groups of ceratopsids occupied coastal environ- 
ments for part of the year and then aggregated in large “herds” 
to move inland, perhaps in association with nesting. 


Functional Morphology, Behavior, and Evolution 


Posture and Locomotion 


The posture and gait of ceratopsids has proven to be remarkably 
troublesome (Dodson and Farlow 1997). The first skeletal mounts 
in museums were those of Triceratops at the U.S. National Mu- 
seum of Natural History in 1904 and at the American Museum 
of Natural History in 1923, and of Chasmosaurus at the National 
Museum of Canada in 1927. In each case, the skeleton was re- 
constructed with erect, parasagittal hind legs and widely splayed, 
sprawling fore legs, with humeri oriented nearly horizontally. 
Sternberg (1927b) and Osborn (1933) were explicit as to why 
the mounts showed a sprawling pose: the articulations of the 
bones permitted no other interpretation. In particular, the large 
humeral head is situated not on the proximal end but wraps to 
the caudal surface of the proximal humerus, defying attempts 
to mount it vertically. In addition, the prominent coracoid 
impedes forward movement (protraction) of the humerus, an 
action further limited by the large deltopectoral crest. 

Many recent artistic renderings of ceratopsids have favored 
fully erect, columnar posture for the forelimbs (e.g., Bakker 1987; 
Paul 1987b, 1991b). This pose was first suggested by Marsh 
(1891d), who reconstructed Triceratops with an erect forelimb 
in which the shoulder joint was completely disarticulated. After 
reevaluating ceratopsid forelimb anatomy and biomechanics, 
Johnson and Ostrom (1995), Dodson (1996), and Dodson and 
Farlow (1997) argued that anatomical objections to upright, 
columnar posture remain and that artistic reconstructions do 
not substitute for actually posing the bones. These authors 
argued for a semierect forelimb posture with the elbows slightly 
everted. More recently, based on footprint data and interpreta- 
tions of bony morphology, Paul and Christiansen (2000) argued 
that the forelimb of ceratopsids was held with the elbow slightly 
everted but operated in a nearly parasagittal plane. 

Two lines of evidence may in future help resolve the problem 
of posture: footprints and computer models. Footprints of cer- 
atopsids are rare, but Ceratopsipes goldenensis from Colorado 
was recently described by Lockley and Hunt (1995b), who claim 
that the narrow gauge prints confirm upright stance and falsify 
sprawling stance. Dodson (1996) failed to find the 1.25-m spread 
of the front feet indicative of narrow gauge. In addition, Dodson 
and Farlow (1997) emphasized that it is impossible to infer the 
angulation of the forelimb from shoulder to foot simply from 
the separation of the front feet in a trackway; a narrow gauge 
may not imply a columnar stance. Computer manipulation of 
accurate three-dimensional models of bones offers great prom- 
ise. These have already been applied to the problem of the mo- 
bility of sauropod necks (Stevens and Parrish 1999) and analyses 
of the kinetics of the skeleton of Triceratops at the Smithsonian 
Institute (Andersen et al. 1999; Chapman et al. 1999; Jabo et al. 
1999). Studies such as these may provide additional evidence of 
the range of motion permitted at each joint, evidence that is 
difficult to obtain by physical manipulation of the bones them- 
selves owing to their size, weight, and fragility. 

The potential for galloping in ceratopsids also has been ex- 
plored. For example, Paul and Christiansen (2000) suggested 
that ceratopsids had a maximum running speed that signifi- 
cantly exceeded that of extant elephants and that they were 
likely able to attain a full gallop. Conversely, Carrano (1998) 
studied categories of locomotor habit in dinosaurs and mam- 
mals and showed that ceratopsids comprised some of the most 
“graviportal” of all dinosaurs, possessing robust limb bones, short 


distal limb segments, and long input muscle lever arms. Although 
some large graviportal mammals (e.g., bears, rhinos) gallop, oth- 
ers do not (e.g., hippos, elephants). In addition, galloping is not 
limited to mammals with erect, parasagittal limbs—even semi- 
erect crocodilians are known to gallop. Despite speculation re- 
garding galloping in ceratopsids, the correlation between gait 
and bony morphology remains uncertain. 


Feeding, Diet, and Respiration 


The jaw system of ceratopsids is highly derived and unique 
among vertebrates, characterized by massive dental batteries 
with vertical shear. Ostrom (1964a, 1966) first described the 
functional morphology of this jaw system. Like hadrosaurs, and 
unlike all other dinosaurs, ceratopsids possess elongate, highly 
specialized jaws with tooth batteries and robust, edentulous 
beaks. In contrast to hadrosaurs, which possessed the capacity 
for crushing and grinding (Ostrom 1964b; Norman and Wei- 
shampel 1985), ceratopsid jaws were restricted to vertical or near- 
vertical shearing. However, both hadrosaurs and ceratopsids 
were conservative in the evolution of the masticatory apparatus. 
Once evolved, the two highly derived feeding systems persisted 
with only minor modifications until the ultimate extinction of 
both lineages. The ceratopsid beak is well designed for grasping 
and plucking rather than for biting (Ostrom 1966). The location 
of the jaw articulation well below the level of the dentary tooth 
row, combined with the tall coronoid process (acting as a ful- 
crum for the jaw adductors), indicates that extremely high bite 
forces could be generated along the tooth row. The head was 
held low, so herbaceous plants were probably favored as food 
(Tait and Brown 1928), although horns and beaks could con- 
ceivably have been used to push down taller plants. 

An advantage of large body size is the ability to consume 
lower-quality fodder than small-bodied animals (Demment and 
Van Soest 1985). Like large mammalian herbivores today, cera- 
topsids and other dinosaurian herbivores probably had low mass- 
specific metabolic rates and may have had a gut microflora to 
aid in the fermentation and digestion of poor quality fodder 
(Farlow 1987a). Whether ceratopsids were foregut (such as bovids) 
or hindgut (such as horses) fermenters is unknown, but it is 
probably unwarranted to apply the browser-grazer continuum 
used in the description of mammalian diets to dinosaurs. The 
distinction between browsers and grazers is based primarily on 
the relative amount of grasses in the diet. As grasses were not 
available to Mesozoic herbivores, this kind of classification is 
likely to lead to erroneous conclusions, although it may eventu- 
ally be possible to describe a browser continuum based on the 
fodder of herbivorous dinosaurs. 

A more profitable distinction is simply between generalized 
(nonselective) and specialized (selective) feeders. It has been 
noted that narrow muzzles are characteristic of a selective diet 
whereas a broader muzzle indicates a more nonselective, gener- 
alized diet. Given the narrow ceratopsid muzzle, common to all 
members of the group, it is likely that they fall into the category 
of selective browser, although beyond this it is difficult to sur- 
mise. Given their great body sizes, massive dental batteries, and 
a possible tendency to form large aggregations, it is likely that 
ceratopsids relied primarily on low-quality, high-fiber food items. 
It has been suggested that gymnosperms (predominantly palms 
and cycads) would have formed the bulk of the ceratopsid diet 
because they were common and satisfy the requirement of be- 
ing tough and fibrous (Ostrom 1964a, 1966; Weishampel 1984c). 
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Yet Dodson (1996) was dubious about palms and cycads being 
primary food sources since neither was common in the Judithian 
ecosystems of Alberta where ceratopsids were maximally diverse. 
Coe et al. (1987) emphasized the role of ferns in dinosaurian 
ecology, postulating the existence of fern prairies that may have 
supported large numbers of herbivores. Ferns are generally high 
in fiber and may have been an important component of the 
ceratopsid diet. 

The enlarged circular external naris of ceratopsids is highly 
characteristic and invites comment. Witmer (2001b) recently 
drew attention to the ubiquity among extant diapsids of a rich 
nasal vestibular vascular plexus surrounding the external nares. 
The plexus may include cavernous erectile tissue. He also pointed 
out that the position of the fleshy nostril is invariably rostral in 
the nasal region, usually at the rostral or rostroventral end of 
the bony nostril. Ceratopsids (as well as sauropods and hadro- 
saurids) had comparatively complex nasal vestibules, suggesting 
that important physiological functions, possibly thermoregula- 
tory in nature, were associated with the inspiratory airflow. 


Horns and Frills 


A number of hypotheses have been put forth to account for the 
elaborate horns and frills of ceratopsids. Traditionally, the most 
commonly accepted notion has been that these remarkable struc- 
tures functioned primarily in predator defense; that is, they were 
used to intimidate or actually combat theropods, particularly 
tyrannosaurs (Sternberg 1917; Bakker 1986). This hypothesis has 
a number of flaws. First, if predator defense were the primary 
force dictating the evolution of these cranial appendages, one 
would not expect virtually every species to have its own unique 
horn and frill morphologies, some of which are counter to de- 
fense strategies (i.e., loss of supraorbital horns in some centro- 
saurines). Further, the parietosquamosal frills are extremely 
thin (<2 mm) in some places apparently well supplied with 
blood, based on the numerous vascular traces etching their 
surface. Thus, these structures may have offered little protec- 
tion, and a well-placed bite to this region might have been fatal. 
Finally, some horn and frill morphologies—for example, the 
nasal and orbital bosses of Pachyrhinosaurus and the forward 
curving parietal hooks of Centrosaurus—would almost certainly 
have been ineffective weapons against predators. 

A second hypothesis concerns an old idea that the enlarged 
frill of ceratopsids served as an attachment site for hypertro- 
phied muscles of mastication (e.g., Lull 1908; Russell 1935; Haas 
1955; Ostrom 1964a, 1966). Once again, there are several reasons 
for doubting this hypothesis (Forster 1990b, 1996a; Dodson 
1996; Sampson et al. 1997). Ceratopsids usually do not have spa- 
cious supratemporal fenestrae. Most individuals show a smooth, 
well-defined area adjacent to the supratemporal fenestra that 
presumably represents a modestly expanded attachment area 
for the jaw adductor muscle. In contrast, the remainder of the 
dorsal frill surface often exhibits pronounced vascular traces 
incompatible with muscle attachment (e.g., Triceratops). Addi- 
tionally, the supratemporal fenestra sometimes bears a slight 
overgrowth around its medial and caudal perimeter, likely mark- 
ing the extent of the jaw adductor muscles (Forster 1990b). 
Functionally, the potential advantages of a meter-long jaw 
muscle are unclear, since it is well established that an increase 
in muscle length does not correlate with an increase in strength 
(e.g., Hill 1950; McMahon 1984). 

A third hypothesis, originally put forth by Wheeler (1978), is 
that the horns and frills of ceratopsids served an important role 
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in controlling body temperature. Wheeler argued that the in- 
creased surface area of horns and frills, combined with evidence 
for rich vascularization on these features, supports the notion of 
a thermoregulatory function. Ceratopsid frills, some of which 
had surface areas of more than a square meter, would almost cer- 
tainly have had a direct impact on body temperature. Recent 
support for this idea comes from studies of oxygen isotopes by 
Barrick et al. (1996, 1998), which show an apparent temperature 
gradient from warm to cool across the frill and toward the apex 
of the brow horns. Yet, while thermoregulation is one possible 
function, it does not account for the remarkable species-specific 
diversity in horn and frills. 

During the past four decades, a fourth hypothesis has gained 
ever-increasing acceptance—that ceratopsid horns and frills 
functioned primarily as signals used to recognize and to com- 
pete for mates and/or territory (Davitashvili 1961; Farlow and 
Dodson 1975; Molnar 1977; Spassov 1979; Ostrom 1986b; Os- 
trom and Wellnhofer 1986; Forster 1990b; Dodson 1996; Samp- 
son 1997a; Sampson et al. 1997). Several lines of evidence have 
been garnered in support of this view. First, taxa are distin- 
guished from one another largely or solely on the basis of char- 
acters relating to horns and frills (Davitashvili 1961; Farlow and 
Dodson 1975; Molnar 1977; Dodson 1993, 1996; Sampson 1995; 
Sampson et al. 1997). Second, horns and frill ornamentations 
were subject to retarded growth, developing fully only after the 
onset of adult size (Sampson et al. 1997). Thus, as in extant un- 
gulates, these structures may have developed fully only when a 
given individual reached sexual maturity and began to compete 
for mates and/or territory (Geist 1966a, 1966b). Perhaps most 
significantly, horns and hornlike organs across the entire range 
of extant vertebrates and invertebrates—from beetles to bovids— 
function first and foremost as mating signals (Farlow and Dod- 
son 1975; Dodson 1996; Sampson et al. 1997). If the mating 
signal hypothesis is correct, the traditional reconstructions of a 
lone Triceratops bull facing off against a menacing Tyrannosaurus 
may be greatly exaggerated, and more accurate portrayals would 
include ceratopsids engaged in head-to-head confrontations. 
In sum, it is likely that the horns and frills of ceratopsids served 
multiple functions. Indeed, with the exception of second, all of 
the above hypotheses may be correct. Nonetheless, if extant 
analogues are any indication, these unique structures functioned 
primarily in mate recognition and competition. 


Evolution within Ceratopsidae 


While Ceratopsidae is diagnosed largely by a wide range of char- 
acters, species-level discriminations are based overwhelmingly 
on characteristics conceivably associated with reproduction— 
that is, horns and frill—subject to full development only at sex- 
ual maturity (Farlow and Dodson 1975; Horner et al. 1992; Samp- 
son 1995; Forster and Sampson, in review). Sexual dimorphism, 
if it occurred at all among ceratopsid taxa, was apparently min- 
imal. This pattern suggests that these elaborate cranial appen- 
dages were the primary target of evolutionary change following 
the origin of the group, and perhaps had a major role in the evo- 
lutionary radiation of ceratopsids (Horner et al. 1992; Sampson 
1997b, 1999). 

In support of this view, a large body of evidence indicates 
that mating signals are frequently important in the diversifica- 
tion of species (e.g., Paterson 1985; Ryan 1990; references in 
Andersson 1994). While a number of evolutionary mechanisms 
have the potential to influence the evolution of signal structures, 
a principal force is sexual selection, which results in differential 


reproduction (Ryan 1990). For example, sexual selection operat- 
ing within isolated populations of a given species may, given 
sufficient time, result in the origin of new species by altering the 
reproductive system. Accordingly, increased intensities of sex- 
ual selection can accelerate this process, producing higher levels 
of diversity (Ryan 1990; Sampson 1999). Thus, evolutionary 
modifications to mating signals may be both necessary and 
sufficient for the origin of new species. It is not surprising, then, 
that many closely related species within extant clades are also 


distinguished mostly or solely on the basis of mating signals 
(e.g., West-Eberhard 1983; Dominey 1984, Andersson 1994). The 
same is true for fossil clades that preserve bony mating signals 
(Vrba 1984; Geist 1987; Horner et al. 1992; Sampson 1999). In 
short, the features we use to identify species were employed for 
the same reason by the animals themselves during life. From an 
evolutionary perspective, this finding means that the bizarre 
cranial structures so characteristic of ceratopsids may ultimately 
have been critical in their diversification and overall success. 
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Research on dinosaurs, whether on systematics, biogeography, 
paleoecology, or functional morphology, ultimately depends 
on their discovery in the field. This update of known dinosaur 
occurrences reflects an incredible 55% increase in the number 
of entries over those provided by Weishampel (1992), indicat- 
ing the astonishing growth in the underpinnings of our research 
base in just over a decade. Not only has the number of dinosaur 
localities increased, but the high-latitude faunas are better 
known and the “midperiod” gaps are beginning to be filled in. 
As will be seen in this chapter, there have been substantial in- 
creases in the number of specimens from the Mesozoic in North 
America and especially in Europe. Asia follows thereafter, with 
signifivcant increases in the dinosaur record for all but the Late 
Triassic. Increases in the number of dinosaur localities dis- 
covered are also significant in South America and to a lesser 
extent in Africa in the Late Triassic and throughout the Creta- 
ceous. Australasia and Antarctica lag behind other continents 
in number of dinosaur occurrences, but they too provide new 
Early Jurassic and Late Cretaceous localities. 

This chapter summarizes all dinosaur locations currently 
known worldwide. Geographic location is based on primary 
administrative divisions (e.g., states, departments, provinces, 
counties) of the countries in which dinosaur material has been 
found. The only exception is Antarctica, for which there are no 
subdivisions. Lithostratigraphic units are generally formational. 
Note that, where there is more than one locality from a given 
lithostratigraphic unit within one of the administrative divisions 
of a county, the localities are lumped together; hence it is ap- 
propriate to consider these grouped localities under the more 
general term “locations.” Because of the ever-increasing number 
of dinosaur discoveries around the world, the previous system 
of numbering proved too unwieldy. A new system was devised 
to accommodate this new list and provide for future growth. A 
locality is identified by its symbol and three numbers: the first 
corresponds to the country, the second to the administrative 


district within the country, and the third to the formation in 
which it was found. For example a sx labeled 3.5-2 corresponds 
to the Late Cretaceous Pen Formation of Texas, United States. 
Locations are annotated for (1) lithostratigraphic unit (bed, 
formation, group, series, svita), (2) faunal composition, and 
(3) stratigraphic horizon (to stage where possible). Faunal com- 
position is given to species-level taxa where possible, based on 
information presented in this volume. The members of the fauna 
are present in rank order, roughly based on their phylogenetic 
relationships, although the full phylogenetic hierarchy is not 
provided owing to space limitations. 

Finally, locations yielding skeletal remains, as well as those 
that have produced tracks and/or trackways, have been included 
(with higher taxonomic referrals; ichnological designations are 
not used). The same applies to those locations that have yielded 
eggs, eggshell fragments, or both (again, no ootaxa are indicated; 
nests, isolated eggs, and eggshell fragments are listed only as 
“dinosaur eggs”) and to those that have yielded coprolites. Age 
assignments are based, as far as can be ascertained, on the stan- 
dard European stages (see the introduction to the volume), but 
these are often limited to best guesses about the temporal rela- 
tionship between terrestrial and marine strata. For reasons of 
length, no attempt has been made to characterize the distribu- 
tion of faunas within lithologic units, nor are the sedimentology, 
depositional environments, or taphonomic aspects of locations 
indicated, although each of these sources of information is in 
its own right important to an understanding of dinosaurian 
distribution. 

Symbols used in the maps refer to the eight series of the 
Mesozoic for which there are dinosaur remains: *, Late Triassic; 
(J, Early Jurassic; W, Middle Jurassic; O, Late Jurassic; @, Early 
Cretaceous; yx, Late Cretaceous; and +, uncertain age. The first 
map indicates where larger-scale regional maps may be found 
and gives a number of more poleward locations; successive 
maps provide locations elsewhere in the world. 
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FIGURE 24.1. Global index map. Regional maps are indicated by boxes labeled with bold numbers and arrows. Boxed numbers indicate more 


poleward localities not included in subsequent figures. Scale = 3,000 km. 


Late Triassic 


Late Triassic dinosaurs are known from over a hundred loca- 
tions in North America, Europe, Asia, South America, Africa, 
and Australasia. 


North America 


Information on Late Triassic dinosaurs in North America (33 lo- 
cations, an increase of about 70%) comes to us primarily through 
the work of E. H. Colbert on the faunas of the southwestern 
United States and D. Baird on those of the eastern seaboard. 
More recently, work on the faunas of the Southwest has been 
conducted by a host of research groups led by K. Carpenter, 
S. Chatterjee, A. P. Hunt, L. L. Jacobs, M. G. Lockley, R. A. Long, 
S. G. Lucas, P. A. Murry, K. Padian, J. M. Parrish, T. Rowe, and 
R. M. Sullivan. The faunas in the eastern United States and 


I.I. NORTHWEST TERRITORIES, CANADA 
1. Heiberg Formation (Adams 1875; 
Lydekker 1889b; Galton and Cluver 1976) 
?Theropoda indet. (= Arctosaurus osborni) 
Age: Carnian-Rhaetian (Douglas et al. 
1963) 


Theropod tracks 


Age: late Carnian (Huber et al. 1993a) 
2. Blomidon Formation (Olsen et al. 1982; 
Weishampel and Young 1996) 


Age: Norian (Olsen et al. 1982; 
Lucas and Huber 1993) 


Maritime Canada have been studied most recently by P. E. Olsen, 
H.-D. Sues, and R. E. Weems. Finally, F. A. Jenkins and collabo- 
rators recently discovered an important dinosaur fauna from the 
Late Triassic of eastern Greenland that is currently under study. 
For the American Southwest, the lithostratigraphic nomencla- 
ture used by Lucas and co-workers is used here, although some 
(Dubiel 1994) regard these units as facies of the Chinle For- 
mation. Figures 24.1-24.3 illustrate these North American Late 
Triassic locations. 


Plateosaurus longiceps 
Age: middle Norian (Jenkins et al. 1995) 
3.1. UTAH, UNITED STATES 
1. Chinle Formation (Lockley 1986a) 


Theropod tracks 
Age: late Carnian-early Norian 


I.7. NOVA SCOTIA, CANADA 


1. Wolfville Formation (Baird and Olsen 
1983; Olsen and Baird 1986; Sues et al. 
1994b; Weishampel and Young 1996) 
Prosauropoda indet. 

Ornithischia indet. 
Ornithischian tracks 


2.1. EAST GREENLAND, GREENLAND 

1. Fleming Fjord Formation (Jenkins et al. 
1993, 1995; Clemmensen et al. 1998; 
Gatesy et al. 1999) 
Theropoda indet. 
Theropod tracks 
Prosauropoda 
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(Olsen et al. 1982) 
3.2. ARIZONA, UNITED STATES 
1. Chinle Formation/Petrified Forest 
Formation (Jacobs 1980; Jacobs and 
Murry 1980; Padian 1986; Lucas et al. 


1992; Hunt and Lucas 1994; Kaye and 
Padian 1994; Long and Murry 1995) 


FIGURE 24.2. Late Triassic to Late Cretaceous localities in eastern Canada (1) and the United States (3). Scale = 600 km. 


Saurischia incertae sedis 
Chindesaurus bryansmalli 
Theropoda 
Ceratosauria 
Coelophysis bauri 
Prosauropoda indet. (=?Anchisauridae 
indet.) 
Ornithischia indet. (including 
Revueltosaurus callenderi) 
Age: late Carnian-early Norian (Olsen 
et al. 1982; Murry 1990) 
2. Chinle Formation/Bluewater Creek 
Formation (Hunt and Lucas 1994; Kaye 
and Padian 1994; Heckert and Lucas 1997) 


Theropoda 
Ceratosauria 
Camposaurus arizonensis 
Ornithischia indet. (= Tecovasaurus 
murryi) 
Age: late Carnian (Heckert and Lucas 
1997) 


3.3. NEW MEXICO, UNITED STATES 
1. Chinle Formation/Santa Rosa Formation 
(Hunt and Lucas 1995b) 
Theropoda indet. 
Undescribed ornithischian 
Age: early Carnian (Lucas 1993a) 


2. 


w 


Chinle Formation/Garita Creek 
Formation (Hunt and Lucas 1995b) 
Theropoda indet. 

Age: late Carnian (Lucas 1993a) 


. Chinle Formation/Bluewater Creek 


Formation (Hunt and Lucas 1993a; 

Lucas 1993a; Heckert 1997; Heckert 

and Lucas 1997) 

Theropoda indet. 

Ornithischia indet. (= Tecovasaurus 
murryi) 

Ornithischian tracks 

Age: late Carnian (Heckert and Lucas 
1997) 
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FIGURE 24.3. Late Triassic to Late Jurassic localities in the southwestern United States (3). Scale = 600 km. 


4. Chinle Formation/Petrified Forest 
Formation (Hunt and Lucas 1993a; Hunt 
1996; Sullivan and Lucas 1999; Heckert 
et al. 2000; Heckert, pers. comm.) 
Theropoda 

Ceratosauria indet. (including 
Eucoelophysis baldwini, 
Coelophysis bauri, 

C. longicollis, C. willistoni) 

Theropoda indet. 

Age: late Carnian-early Norian (Hunt 
and Lucas 1993a) 

. Chinle Formation/Bull Canyon 
Formation (Hunt 1989; Hunt and Lucas 
1989, 1993a, 1993b, 1994; Lucas et al. 
1985; Long and Murry 1995) 

Saurischia incertae sedis 

?Chindesaurus bryansmalli 

Herrerasauridae indet. 

Theropoda 

Ceratosauria indet. 

Ornithischia indet. (including 
Revueltosaurus callenderi, 
Lucianosaurus wildi) 

Age: early Norian (Hunt and Lucas 
1993a) 

6. Chinle Formation/Cooper Canyon 
Formation (Carpenter and Parrish 1985; 
Parrish and Carpenter 1986; Carpenter 
1997a;? = Bull Canyon Formation) 


on 


Theropoda 
Ceratosauria 
Gojirasaurus quayi 
Theropoda indet. 
Age: middle Norian (Carpenter 1997a) 

. Chinle Formation/Redonda Formation 
(Conrad et al. 1987; Hunt et al. 1989; 
Lockley et al. 2000) 

Theropod tracks 
Prosauropod tracks 
Age: late Norian (Hunt and Lucas 1993a) 
8. Chinle Formation/Sloan Canyon 
Formation (Conrad et al. 1987; Hunt et 
al. 1989; Lockley and Hunt 1993; 
Lockley et al. 2000) 
Theropod tracks 
Prosauropod tracks 
Age: late Norian (Hunt and Lucas 1993a) 
9. Chinle Formation/Sheep Pen Sandstone 
Formation (Lockley et al. 1993, 2000) 
Theropod tracks 
Prosauropod tracks 
Age: late Norian (Hunt and Lucas 1993a) 
10. Chinle Formation/Rock Point 
Formation (Colbert 1974, 1989; Welles 
1984; Farlow and Lockley 1993; Hunt 
and Lucas 1993a, 1995b) 
Theropoda 
Ceratosauria 
Coelophysis bauri (= Rioarribasaurus 
colberti) 


N 
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Theropoda indet. 
?Prosauropod tracks 
Undescribed ornithischian 
Ornithischia indet. (including 
Revueltosaurus callenderi) 
Age: late Norian (Hunt and Lucas 
1993a) 
3.4. COLORADO, UNITED STATES 
1. Popo Agie Formation (Hunt et al. 1998) 
Theropoda indet. 
Age: Carnian (Pipiringos and O’Sullivan 
1978; Lucas 1993a) 
2. Bell Springs Formation (Lockley 1986a; 
Lucas et al. 1998a) 
Theropod tracks 
Age: Carnian (Pipiringos and O’Sullivan 
1978) 
3.5. TEXAS, UNITED STATES 
1. Tecovas Formation (Hunt and Lucas 
1994; Heckert and Lucas 1997) 
Saurischia incertae sedis 
?Chindesaurus bryansmalli (including 
Caseosaurus crosbyensis) 
Theropod tracks 
Ornithischia indet. (= Tecovasaurus 
murryi) 
Age: late Carnian (Heckert and Lucas 
1997) 


2. Cooper Canyon Formation (Jacobs and 
Murry 1980; Chatterjee 1984, 1986b, 
1993; Murry 1986; Sereno 1991b; Hunt 
and Lucas 1994; Long and Murry 1995; 
Heckert and Lucas 1997; Lucas et al. 
1998a) 

Theropoda indet. 
?Prosauropoda 
Ornithischia 
Technosaurus smalli 
Age: Norian (Lucas et al. 1998a) 


w 


.I9. NEW YORK, UNITED STATES 


R 


. Upper Stockton beds (Olsen 
1980a; Weishampel and Young 
1996) 

Theropod tracks 
Age: late Carnian (Olsen 
1980a) 


w 


-22. NEW JERSEY, UNITED STATES 


R 


. Lockatong Formation (Bock 

1952; Weishampel and Young 

1996) 

Theropod tracks 

Age: late Carnian (Olsen 1980a; Lucas 

and Huber 1993) 

2. Lower Passaic Formation (Baird 1957; 
Weishampel and Young 1996) 
Theropod tracks 
Ornithischian tracks 


Europe 


Age: Norian-Rhaetian (Lucas and Huber 
1993) 


3.23. PENNSYLVANIA, UNITED STATES 


RP 


. Lockatong Formation (Bock 1952; 
Sullivan et al. 1994; Weishampel and 
Young 1996) 
Theropod tracks 
Ornithischian tracks 
Age: late Carnian (Olsen 1980a; Lucas 
and Huber 1993) 
2. New Oxford Formation (Huene 1921b; 
Galton 1983a; Hunt and Lucas 1994; 
Weishampel and Young 1996) 
?Prosauropoda indet. (= Palaeosaurus 
fraserianus) 

Ornithischia indet. (= Thecodontosaurus 
gibbidens) 

Age: late Carnian (Lucas and Huber 1993) 

3. Gettysburg Formation (Olsen and Baird 
1986; Weishampel and Young 1996) 
Theropod tracks 
Ornithischian tracks 
Age: Norian-Rhaetian (Lucas and Huber 

1993) 

4. Lower Passaic Formation (Olsen and 

Baird 1986; Weishampel and Young 

1996) 

Theropod tracks 

Ornithischian tracks 

Age: Norian-Rhaetian (Lucas and Huber 

1993) 


3.25. MARYLAND, UNITED STATES 
. Gettysburg Formation (Mitchell 1895; 
Weishampel and Young 1996) 
Theropod tracks 
Age: Norian-Rhaetian (Lucas and Huber 
1993) 


RB 


3.26. VIRGINIA, UNITED STATES 


RB 


. Cow Branch Formation (Olsen et al. 
1978; Weishampel and Young 1996) 
Theropod tracks 
Ornithischian tracks 
Age: late Carnian (Lucas and Huber 

1993) 

. Manassas Sandstone (Weishampel and 

Young 1996) 

Theropod tracks 

Age: late Carnian (Lucas and Huber 
1993) 

. Balls Bluff Formation (Weems 1987; 
Weishampel and Young 1996) 
Ornithischian tracks 
Theropod tracks 
Age: ?early Norian (Weems 1987) 


N 


w 


w 


-27. NORTH CAROLINA, UNITED STATES 


R 


. Pekin Formation (Hunt and Lucas 1994; 
Weishampel and Young 1996) 
Ornithischia indet. (= Pekinosaurus 

olseni) 
Age: late Carnian (Lucas and Huber 
1993) 


The history of Late Triassic dinosaurs is well known from Europe 
(55 locations, an increase of over 40%), in particular, in the 
classic Upper Triassic sequence of the Neckar Valley of Baden- 
Wiurttemberg, Germany. These German localities were worked 
originally by E. Fraas but most successfully by F. von Huene 
and later by R. Seemann. Additional work on Upper Triassic sites 
in Germany includes that by O. Jaekel at Halberstadt (Nieder- 
sachsen) and by F. von Huene and most recently by P. Welln- 
hofer in northern Bavaria. Similar dinosaur faunas are known 
from Switzerland (from the work of B. Peyer at Hallau and 
H. Rieber and M. Saunders at Frick) and France (by E. Buffetaut, 


6.1. MALMOHUS LAN, SWEDEN 


1. Lower Hogans Formation (Bélau 1952; 
Gierlinski and Ahlberg 1994) 
Theropod tracks 
Age: Rhaetian (Gierlinski and Ahlberg 
1994) 


7.1. GRAMPIAN, SCOTLAND 


1. Lossiemouth Sandstone Formation 
(Benton 1984b; Benton and Walker 
1985) 

?Dinosauria 
Saltopus elginensis 
Age: late Carnian (Warrington et al. 1980; 
Benton and Spencer 1995) 


Theropod tracks 


Theropoda 
Ceratosauria 


?Syntarsus sp. 
Theropoda indet. 


8.1. MID-GLAMORGAN, WALES 


1. Rhaetic Beds (Newton 1899; Galton 
1985e) 


Prosauropoda 


?Theropoda indet. 
Tetanurae incertae sedis 
“Zanclodon” cambrensis 
Age: Rhaetian (Warrington et al. 1980) 1. Westbury Formation (Seeley 1898; 


8.2. SOUTH GLAMORGAN, WALES 


1. Mercia Mudstone Group (Sollas 1879; 
Tucker and Burchette 1977; Delair and 
Sarjeant 1985; Lockley et al. 1996b) 


Thecodontosaurus antiquus 


S. Chopard, G. Cuny, P. Ellenberger, J. Pidancet, N. Theobald, 
and G. Wouters). Other important Late Triassic faunistics from 
elsewhere in Europe include research by C. Duffin and co- 
workers in Belgium; by A. D. Walker and M. J. Benton at Elgin 
in Scotland; by N.C. Fraser, K. A. Kermack, P. M. Robinson, 
G.M. Walkden, and D.1I. Whiteside on the fissure fillings in 
England and Wales; by A. Ahlberg, E. Bolau, and G. Gierlinski 
in Sweden; by G. Gierlinski in Poland; by P. Mietto in Italy; 
and by J. Michalik and M. Kundrat in Slovakia. Locations for 
Upper Triassic dinosaurs in Europe are given in figures 24.4 
and 24.5. 


Age: ?Norian (Fraser et al. 1985) 


10.1. SOMERSET, ENGLAND 


Galton 1985f; Martill and Dawn 1986; 
Storrs 1994) 
Prosauropoda 
Camelotia borealis 
Age: Rhaetian (Warrington et al. 
1980) 


Age: Norian (Delair and Sarjeant 1985) 
2. Unnamed unit (Kermack 1984; Edwards 
1998; Rauhut and Hungerbiihler 2000) 


10.2. AVON, ENGLAND 


1. Magnesian Conglomerate (Riley and 
Stutchbury 1836, 1840; Galton 1984b; 
Benton and Spencer 1995) 

Theropoda indet. 

Prosauropoda 
Thecodontosaurus antiquus 
Thecodontosaurus sp. 
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FIGURE 24.4. Late Triassic to Early Jurassic localities in Sweden (6), Scotland (7), Wales (8), Northern Ireland (9), England (10), Belgium (11), 
Luxembourg (13), France (14), Portugal (16), Germany (17), Switzerland (18), and Italy (19). Scale = 600 km. 


Age: ?Norian-Rhaetian (Warrington 
et al. 1980) 


. Unnamed unit (Seeley 1891; 


Long 1998; Vickers-Rich et al. 

1999b) 

Prosauropoda indet. (= Agrosaurus 
macgillivrayi) 

Age: Late Triassic (Vickers-Rich et al. 
1999b) 


. Unnamed unit of Fissure Fills (Fraser 


et al. 2002) 


?Dinosauria indet. (= Agnosphitys 
cromhallensis) 
Age: Late Triassic (Fraser et al. 2002) 


10.3. GLOUCESTERSHIRE, ENGLAND 


1. Unnamed unit of Fissure Fills 
(Fraser and Walkden 1983; 
Fraser 1994) 

Theropoda indet. 
Prosauropoda 
Thecodontosaurus sp. 
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Age: late Norian (Fraser and Walkden 
1983) 


II.I. PROVINCE DU LUXEMBOURG, 
BELGIUM 


1.?HVL, Sl, S2, UDK I (Duffin et al. 1983) 
Prosauropoda indet. 
Age: Rhaetian (Duffin et al. 1983) 


I3.I. GRAND DUCHY OF LUXEMBOURG 
1. Unnamed unit (Godefroit et al. 1998a) 


FIGURE 24.5. Late Triassic to Late Cretaceous localities in Poland (20), the Czech Republic (23), Slovakia (24), Austria (25), Hungary (26), Slovenia (27), 
Croatia (28), Romania (29), Ukraine (30), and Kurskaya Oblast, Russia (37.6). Scale = 600 km. 


?Ornithischia indet. 
Age: late Rhaetian (Godefroit et al. 
1998a) 


14.1. DEPARTEMENT DE LA VENDEE, 
FRANCE 
. Niveaux 1-7 (Bessonat et al. 1965; 
Lapparent and Montenat 1967) 
Theropod tracks 
Age: Rhaetian (Lapparent and 
Montenat 1967) 


Rp 


14.2. DEPARTEMENT DE LA HAUTE-MARNE, 


FRANCE 
1. “Gres de I’'Infralias” (Sauvage 1907; 
Huene 1907-8; Galton 1985e; Buffetaut 
et al. 1991; Cuny 1995) 
?Theropoda indet. (including 
Plateosaurus elizae) 
Prosauropoda 
Plateosaurus sp. 
Prosauropoda indet. 
Age: Rhaetian (Huene 1907-8) 


14.3. DEPARTEMENT DE LA MEURTHE-ET- 
MOSELLE, FRANCE 
1. Grés a Avicula contorta (Laugier 1971; 
Buffetaut 1985; Buffetaut and Wouters 
1986) 
Theropoda indet. 
Prosauropoda 
Plateosaurus sp. 
Age: late Norian (Cuny and Ramboer 
1991); Norian (Buffetaut 


1985; Buffetaut and Wouters 
1986); Rhaetian (Sigogneau- 
Russell 1983) 


14.4. DEPARTEMENT DU DOUBS, FRANCE 


1. Marnes Irisées Supérieures Formation 
(Pidancet and Chopard 1862; Lapparent 
1967; Buffetaut et al. 1991; Galton 
1998a) 

Prosauropoda 
Plateosaurus longiceps 
Age: ?Norian (= Keuper; Lapparent 1967) 


14.5. DEPARTEMENT DU JURA, FRANCE 


1. Marnes Irisées Supérieures Formation 
(Pidancet and Chopard 1862; Théobald 
et al. 1967; Buffetaut et al. 1991; Galton 
1998a) 

Prosauropoda 
Plateosaurus longiceps 
Prosauropoda indet. 
(= Dimodosaurus poligniensis) 
Age: late Norian (equivalent to the 
Knollenmergel; Brenner 
1973) 

2. Marnes de Chalin Formation (Cuny and 

Mazin 1993) 
Undescribed prosauropod 
Age: Norian (Cuny and Mazin 1993) 


3. Unnamed unit (Henry 1876; Galton 


1985e; Buffetaut et al. 1991) 

?Theropoda indet. (= Megalosaurus 
obtusus) 

Age: Rhaetian (Lapparent 1967) 


14.6. DEPARTEMENT DE L’AIN, FRANCE 


I. 


Marnes Irisées Supérieures Formation 

(Gervais 1861, 1869; Buffetaut et al. 

1991; Bardet and Cuny 1993) 

Prosauropoda 

?Thecodontosaurus sp. 

Age: Late Triassic (= Keuper; 
Lapparent and Lavocat 
1955) 


14.7. DEPARTEMENT DU GARD, FRANCE 


1. 


w 


Grés supérieurs et Argilites bariolées 
Formation (Gand et al. 2000) 
Theropod tracks 

Prosauropod tracks 

Age: Norian (Gand et al. 2000) 


. Unnamed unit (Gauffre 1995b) 


Prosauropoda indet. 
Age: Norian (Gauffre 1995b) 


. Unnamed unit (Ellenberger 1965) 


Theropod tracks 
Age: Late Triassic (= Keuper; Ellenberger 
1965) 


14.8. DEPARTEMENT DU VAR, FRANCE 


at 


Unnamed unit (Ellenberger 1965) 
Theropod tracks 
Age: Rhaetian (Ellenberger 1965) 


14.9. DEPARTEMENT DE L’ARDEECHE, 


I. 


FRANCE 


Unnamed unit (Courel and Demathieu 
2000) 
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Theropod tracks 
Age: early Carnian (Courel and 
Demathieu 2000) 


17.1. BIEDERSACHSEN, GERMANY 


1. Knollenmergel (Huene 1907-8; 
Weishampel and Westphal 1986) 
Prosauropoda 

Plateosaurus cf. longiceps 
Age: late Norian (Brenner 1973) 


17.2. BADEN-WURTTEMBERG, GERMANY 
1. Lower Stubensandstein (Berckhemer 
1938; Galton 1984b; Haderer 1990) 
Unnamed dinosaur (= Herrerasauria 
incertae sedis) 

Theropod tracks 
Prosauropoda 
Sellosaurus gracilis 
Age: middle Norian (Brenner 1973) 


2. Middle Stubensandstein (Huene 1907-8, 


1932; Galton 1973b, 1985a, 1985b; 
Galton and Bakker 1985; Sereno and 
Wild 1992; Rauhut and Hungerbihler 
1998) 


Dinosauria incertae sedis (= Herrerasauria 


incertae sedis) 
Theropoda 
Ceratosauria 
Procompsognathus triassicus 
partim 
Ceratosauria indet. (including 
Dolichosuchus cristatus, 
Halticosaurus longotarsus) 
Theropoda indet. (including 
Tanystrophaeus posthumus, 


Procompsognathus triassicus 


partim) 
Prosauropoda 
Sellosaurus gracilis (including 
Palaeosaurus diagnosticus, 
Thecodontosaurus 
hermannianus) 
Prosauropoda indet. (including 
Sellosaurus fraasi, 
Teratosaurus minor, 
T. trossingensis) 
Age: middle Norian (Brenner 1973) 
3. Trossingen Formation (Huene 1932; 
Seemann 1933; Galton 1985e; 


Weishampel and Westphal 1986; Sander 


1992; Rauhut and Hungerbiihler 1998; 
= Knollenmergel) 
Theropoda 


Ceratosauria indet. (= cf. Liliensternus 


liliensterni) 

Prosauropoda 

Plateosaurus longiceps (including 

P. fraasianus, P. integer, 
P. trossingensis) 

Prosauropoda indet. (including 
Plateosaurus erlenbergiensis, 
P. plieningeri, P. quenstedti, 
Gresslysaurus robustus, 


Pachysaurus ajax, P. giganteus, 


P. magnus, P. reiningeri, 
P. wetzelianus) 
Age: late Norian (Brenner 1973) 


4. Rhatsandstein (Huene 1907-8; Galton 

1985e) 

Theropoda indet. (= Megalosaurus 
cloacinus) 

?Prosauropoda indet. (= Plateosaurus 
ornatus) 

Age: Rhaetian-?early Hettangian 
(Clemens 1980) 


17.3. BAYERN, GERMANY 

1. Benkersandstein (Rehnelt 1952) 
Theropod tracks 
Age: early Carnian (Llaemmlen 1956) 

2. Unterer Gipskeuper (Rehnelt 1950) 
Theropod tracks 


Age: early Carnian (Warrington etal. 1980) 
3. Ansbachersandstein (Heller 1952; Olsen 


and Baird 1986) 

Theropod tracks 

Ornithischian tracks 

Age: late Carnian (Laemmlen 1956) 
4. Blasensandstein (Weiss 1934) 

Theropod tracks 

Age: early Norian (Laemmlen 1956) 
5. Plattensandstein (Kuhn 1938) 

Theropod tracks 

Age: early Norian (Laemmlen 1956) 
6. Oberer Semionotensandstein (Beurlen 

1950; Heller 1952) 

Theropod tracks 

Age: middle Norian (Llaemmlen 1956) 
7. Feuerletten Formation (Dehm 1935; 

Urlichs 1966; Wellnhofer 1993b) 

Prosauropoda 

Plateosaurus engelhardti 
Prosauropoda indet. (= Plateosaurus 
bavaricus) 

Age: late Norian (Urlichs 1966) 
8. Unnamed unit (Kuhn 1958a, 1958b) 

Theropod tracks 


Age: Rhaetian-?Sinemurian (= Ratolias; 


Kuhn 1958a) 


17.4. SACHSEN-ANHALT, GERMANY 


1. Knollenmergel (Jaekel 1913-14; Kuhn 
1939; Sander 1992) 
Theropoda 
Ceratosauria indet. (including 
Halticosaurus longotarsus) 
Prosauropoda 
Plateosaurus longiceps (including 
cf. Palaeosaurus 
?diagnosticus) 
Age: late Norian (Brenner 1973) 
2. Unnamed unit (Jaekel 1913-14) 
Theropoda 


Ceratosauria indet. (= Pterospondylus 


trielbae) 
Age: Rhaetian (Huene 1932) 


17.5. THURINGEN, GERMANY 
1. Knollenmergel (Rihle von Lilienstern 
et al. 1952; Welles 1984; Rauhut and 
Hungerbihler 1998; Galton 2001a) 
Theropoda 
Ceratosauria 
Liliensternus liliensterni 
(= Halticosaurus liliensterni) 
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Prosauropoda 
Ruehleia bedheimensis 
Prosauropoda indet. (including 
Gresslyosaurus torgeri) 
Age: late Norian (Brenner 1973) 


18.1. KANTON BASELLAND, SWITZERLAND 


1. Knollenmergel (Huene 1932) 
Prosauropoda indet. (= Gresslyosaurus 
ingens) 
Age: late Norian (Brenner 1973) 


18.2. KANTON AARGAU, SWITZERLAND 


1. Obere Bunte Mergel (Rieber 1985a, 
1985b; Sander 1992; Rauhut and 
Hungerbihler 1998) 

Theropoda indet. (= cf. Liliensternus sp.) 
Prosauropoda 
Plateosaurus cf. longiceps 
Age: late Norian (i.e., equivalent to the 
Knollenmergel; Brenner 
1973) 


18.3. KANTON SCHAFFHAUSEN, 
SWITZERLAND 


1. Zanclodonmergel (= Knollenmergel; 
Peyer 1944) 
Prosauropoda 
Plateosaurus sp. 
Age: late Norian (Brenner 1973) 
2. Unnamed unit (Peyer 1944; Tatarinov 
1985) 
Theropoda 
?Tetanurae indet. 
Prosauropoda 
Plateosaurus sp. 
?Ornithopoda 
?Heterodontosauridae indet. 
(=?Abrictosaurus sp.) 
Age: ?late Norian-Hettangian (Clemens 
1980) 


19.1. REGIONE TOSCANA, ITALY 

1. Quarziti Viola Zonate Formation (Huene 
1941; Tongiorgi 1980; Leonardi and 
Lockley 1995; Leonardi 2000) 
Theropod tracks 
Age: late Carnian (Tongiorgi 1980) 


19.2. REGIONE TRENTINO-ALTO ADIGE, 
ITALY 


PR 


. Dolomia Principale Formation (Leonardi 
and Avanzini 1994; Leonardi 2000) 
Theropod track 
Age: Norian (Leonardi and Avanzini 

1994; Leonardi 2000) 


19.3. REGIONE VENETO, ITALY 

1. Dirrestein Formation (Leonardi 2000) 
?Prosauropod tracks 
Age: late Carnian (Leonardi 2000) 

2. Dolomia Principale Formation (Mietto 
1988, 1990, 1992; Mietto and Dalla 
Vecchia 2000) 

Theropod tracks 

Prosauropod tracks 
Ornithopod tracks 

Age: late Carnian (Mietto 1988) 
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FIGURE 24.6. Late Triassic to Late Cretaceous localities in Iran (36), Afghanistan (44), Pakistan (45), and India (46). Scale = 600 km. 


3. Dolomia Principale Formation (Mietto 19.5. REGIONE LIGURIA, ITALY Age: Norian (Wild, pers. comm.) 


1992; Dalla Vecchia 1995) 1. Montemarcello Formation (Leonardi ; 
Theropod tracks 2000) 24.1. PRESOVSKY KRAJ, SLOVAKIA 


Age: Norian (Mietto 1992; Dalla 


Theropod tracks 1. Tomanova Formation (Michalik and 
Vecchia 1995; Leonardi Ornithopod tracks Kundrat 1998) 
2000) ?Prosauropod tracks Theropod tracks 
?Ornithischian tracks Age: Norian-Rhaetian (Michalik and 
19.4. REGIONE FRIULI-VENEZIA GIULIA, Age: Carnian ot Norian (Leonardi Kundrat 1998) 
ITALY 2000) 

1. Dolomia Principale Formation (Dalla ; 27-1. OBCINA IDRIJA, SLOVENIA 
Vecchia 1997a, 2000a; Dalla Vecchia 20.1. WOJEWODZTWO WROKLAW, POLAND 1. Unnamed unit (equivalent to the 
and Mietto 1998) 1. Lissauer Breccia (Huene 1932; Osmolska, Dolomia Principale; Dalla Vecchia 
Theropod tracks pers. comm.) 1997a) 

Prosauropod tracks Theropoda ?Prosauropod tracks 
Age: Norian (Dalla Vecchia and Mietto ?Ceratosauria indet. (= Velocipes Age: Norian-Rhaetian (Dalla Vecchia 
1998) guerichi) 1997a) 


Asia 


Upper Triassic sites that have yielded dinosaur remains are re- _ later work was performed by S. Chatterjee, T. Roy-Chowdhury, 
stricted to Madhya Pradesh and Andhra Pradesh, India, and _ S. L. Jain, T. S. Kutty, and P. Robinson. The newly discovered Late 
Changwat Khonkaen, Thailand (four locations). Early studies Triassic fauna from Thailand was described by V. Suteethorn 
of the Indian fauna, yielding early theropod and prosauropod and E. Buffetaut. Figures 24.6 and 24.7 provide information on 
remains, were carried out by R. Lydekker and F. von Huene, and __ the locations for Upper Triassic dinosaurs of Asia. 


46.1. MADHYA PRADESH STATE, INDIA 46.2. ANDHRA PRADESH STATE, INDIA Alwalkeria maleriensis 

1. Tiki Formation (Chatterjee and 1. Lower Maleri Formation (Jain 1983; Prosauropoda indet. 
Majumdar 1987) Chatterjee 1987; Bandyopadhyay 1999; (= Massospondylus hislopi, 
Theropoda indet. Bandyopadhyay et al. 2002) Plateosaurus sp.) 
Age: Carnian (Chatterjee 1978a) Saurischia incertae sedis Age: Norian (Kutty 1969) 
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FIGURE 24.7. Late Triassic to Early Cretaceous localities in Mongolia (47), People’s Republic of China (48), North Korea (49), South Korea (50), and Japan (53). 
Scale = 600 km. 


FIGURE 24.8. Late Triassic to Late Cretaceous 
localities in Colombia (54), Ecuador (55), Peru 
(56), Brazil (57), Bolivia (59), Guyana (60), and 
Venezuela (61). Scale = 600 km. 


2. Dharmaram Formation (Kutty 1969; 


Kutty and Roy-Chowdhury 1970; Jain 


1996) 

Prosauropoda indet. 

Ornithischia indet. 

Age: late Norian-Rhaetian 
(Kutty 1969); Early 


South America 


The earliest known and most basal dinosaur material from both 
Saurischia and Ornithischia comes from South America (11 loca- 
tions, an increase of nearly 60%). Collection of and work on these 
early forms have been carried out by anumber of paleontologists, 


57.1. ESTADO DO RIO GRANDE DO SUL, 
BRAZIL 


1. Santa Maria Formation (Huene 
1942; Colbert 1970; Bonaparte 1973; 
Galton 1977a; Kellner et al. 1999; 
Kischlat 1999; Langer et al. 

1999) 
?Dinosauria 
Spondylosoma absconditum 


Jurassic (Bandyopadhyay 
1999) 


51.1. CHANGWAT KHON KAEN, 
THAILAND 


1. Nam Phong Formation (Buffetaut 
et al. 1995c, 2002a, 2002b; 


?Dinosauria indet. (= Teywasu 
barberennai) 
Saurischia 
Herrerasauridae 
Staurikosaurus pricei 
?Sauropodomorpha 
Saturnalia tupiniquim (may be 
the sister taxon to 
Sauropodomorpha) 


FIGURE 24.9. Late Triassic to Late Cretaceous localities in 
Uruguay (58), Chile (62), and Argentina (63). Scale = 600 km. 


Suteethorn et al. 1995a; Buffetaut and 
Suteethorn 1998b) 
Prosauropoda indet. 
Sauropoda 
Isanosaurus attavipachi 
Age: late Norian-Rhaetian (Racey et al. 
1994) 


among them A. Arcucci, J. F. Bonaparte, R. M. Casamiquela, R. A. 
Coria, F. von Huene, G. Leonardi, R. Martinez, F. Novas, O. A. 
Reig, and P. C. Sereno. Late Triassic dinosaur locations of South 
America are given in figures 24.8 and 24.9. 


Unnamed prosauropod 
Age: ?late Ladinian-early Carnian 
(Galton 1977a) 
2. Caturrita Formation (Kellner et al. 1999; 
Bonaparte et al. 1999) 
Eusaurischia 
Guaibasaurus candelariensis 
Unnamed prosauropod 
Age: Norian (Bonaparte et al. 1999) 
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63.1. PROVINCIA DE LA RIOJA, 


ARGENTINA 


63.2. PROVINCIA DE SAN JUAN, ARGENTINA 


4. 


Los Colorados Formation. (Arcucci and 


1. Ischigualasto Formation (Reig 1963; Coria 2000; Martinez, pers. comm.) 

1. Los Rastros Formation (Arcucci et al. Bonaparte 1973; Novas 1986, 1993; Prosauropoda indet. 

1995S) Brinkman and Sues 1987; Sereno 1993; Age: Late Triassic (Martinez, pers. 

Theropod tracks Sereno and Novas 1993; Sereno et al. comm.) 

Age: ?Ladinian (Arcucci et al. 1995) 1993) 5. Portezuelo Formation (Marsicano and 
2. Ischigualasto Formation (Casamiquela Saurischia Barredo 2004) 

1967b; Bonaparte 1973, 1976; Leonardi Eoraptor lunensis Theropod tracks 

1994) Herrerasauridae Sauropodomorph tracks 


w 


?Theropod tracks Herrerasaurus ischigualastensis Age: Carnian (Mariscano and Barredo 
Ornithischia (including Ischisaurus cattoi, 2004) 

Pisanosaurus mertii Frenguellisaurus 
Age: Carnian (Bonaparte 1973; ischigualastensis, 63.3. PROVINCIA DE SANTA CRUZ, 


Stipanicic 1983) 


. Los Colorados Formation (Bonaparte 


1973, 1978b; Galton 1985f; Arcucci and 
Coria 1996, 1997, 1998, 2003; Bonaparte 
and Pumares 1995) 
Theropoda 
Theropoda incertae sedis 
Zupaysaurus rougieri 


cf. Staurikosaurus sp.) 
Dinosauria indet. (= Teyuwasu 
barberenai) 
Age: Carnian (Bonaparte 1973; 
Stipanicic 1983) 


. Quebrada del Barro Formation (Bossi 


and Bonaparte 1978) 
Prosauropoda 


1 


2. 


ARGENTINA 
“Complejo Porfirico” (Leonardi 1989) 
Theropod tracks 
Age: Late Triassic (Leonardi 1989) 
Laguna Colorada Formation (Bonaparte 
1973; Bonaparte and Vince 1979; 
Casamiquela 1980; Baez and Mariscano 
1998, 2001) 


Theropoda indet. Riojasaurus incertus Prosauropoda 
Prosauropoda Age: Norian (equivalent to Los ?Plateosaurus sp. 
Riojasaurus incertus Colorados Formation; Bossi Mussaurus patagonicus 
Coloradisaurus brevis and Bonaparte 1978) Ornithopoda 
Lessemsaurus sauropoides 3. Cafion del Colorado Formation (Milana, Heterodontosauridae 
Prosauropoda indet. (including pers. comm.) cf. Heterodontosaurus sp. 
Strenusaurus procerus) Undescribed prosauropod Dinosaur eggs 
Age: Norian (Bonaparte 1973; Stipanicic Age: Late Triassic-Early Jurassic (Milana, Age: ?Norian (Bonaparte and Vince 
1983) pers. comm.) 1979) 


Africa 


The majority of our knowledge about the Late Triassic and 
Early Jurassic comes from the famous Stormberg Series, Karroo 
Basin, of South Africa and Lesotho, primarily through the 
early efforts of S. H. Haughton and E. C. N. van Hoepen and 
the recent work of J. Attridge, A. W. Crompton, F. and P. Ellen- 


J. van Heerden. Additional locations from the Upper Triassic of 
Africa are known from Morocco through work by J.-M. Dutuit 
and F.-X. Gauffre, and from Zimbabwe via studies by M. R. 
Cooper and M. A. Raath. These locations (12 in number, an in- 
crease of approximately 20%) are given in figures 24.10 and 


berger, P. M. Galton, C. Gow, K. A. Kermack, J. W. Kitching, and 


64.1. PROVINCE DE MARRAKECH, 


PR 


MOROCCO 


. Argana Formation (Dutuit 1972, 1974; 


Biron and Dutuit 1981; Gauffre 1993a) 
Theropoda indet. 
Theropod tracks 
Prosauropoda 

Azendohsaurus laaroussii partim 
Ornithischian tracks 
Age: middle Carnian (Cousminer and 

Manspeizer 1976) 


77.1. MASHONALAND NORTH, 


1. 


ZIMBABWE 


Pebbly Arkose (Raath 1996) 

Prosauropoda indet. 

Age: early Carnian (Anderson and 
Anderson 1984; Raath 
1996) 


77.4. MATABELELAND SOUTH, ZIMBABWE 


1. 
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Mpandi Formation (Cooper 1980) 
Prosauropoda 

Euskelosaurus cf. browni 
Age: Norian (Cooper 1980) 


24.11. 


81.1. TRANSVAAL, SOUTH AFRICA 


1; 


Bushveld Sandstone (Haughton 1924) 
Prosauropoda 
Euskelosaurus browni 
Prosauropoda indet. (= Gryponyx 
transvaalensis, Gigantoscelus 
molengraaffi) 
Age: late Carnian or early Norian 
(?= Lower Elliot Formation; 
Kitching, pers. comm.) 


81.2. FREE STATE PROVINCE, 


R 


SOUTH AFRICA 


. Lower Elliot Formation (Galton and 


Cluver 1976; Kitching and Raath 1984; 
Olsen and Galton 1984; Yates and 
Kitching 2003) 
Prosauropoda 
cf. Euskelosaurus browni 
Prosauropoda indet. (= Eucnemesaurus 
fortis) 
Sauropoda 
Antetonitrus ingenipes 
Age: late Carnian or early Norian (Olsen 
and Galton 1984) 
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81.3. CAPE PROVINCE, SOUTH AFRICA 
1. 


Molteno Formation (Raath et al. 1990; 
Raath 1996) 
Theropod tracks 
Age: early Carnian (Anderson and 
Anderson 1984) 

Lower Elliot Formation (Haughton 1924; 
Kitching and Raath 1984; Olsen and 
Galton 1984; Galton 1985f; Galton and 
Heerden 1985; Heerden and Galton 
1997; Galton et al., in press) 
Dinosauria incertae sedis 

Aliwalia rex 
Prosauropoda 

Massospondylus sp. 

Melanorosaurus readi 

Melanorosaurus sp. 

Euskelosaurus browni 

Euskelosaurus sp. 

Prosauropoda indet. (= Orinosaurus 
capensis, including 
Plateosaurus stormbergensis, 
P. cullingworthi, 
Euskelosaurus 
africanus) 


20-- 


FIGURE 24.10. Late Triassic to Late Cretaceous localities in Morocco (64), Algeria (65), Tunisia (66), Mali (67), 
Niger (68), Libya (70), and Cameroun (73). Scale = 600 km. 


?Prosauropod tracks 
Sauropoda 
Blikanasaurus cromptoni 
?Ornithischia indet. 
Age: late Carnian or early Norian 
(Olsen and Galton 
1984) 


82.1. LERIBE DISTRICT, 
LESOTHO 
1. Lower Elliot Formation 
(Huene 1932; Kitching and 
Raath 1984) 
Prosauropoda 
Melanorosaurus sp. 
Age: late Carnian or early Norian 
(Olsen and Galton 
1984) 


Australasia 


82.2. MASERU DISTRICT, LESOTHO 


1. Lower Elliot Formation (Ellenberger 
1970; Kitching and Raath 1984; Olsen 
and Galton 1984) 

Theropod tracks 
Prosauropoda 
cf. Melanorosaurus sp. 
Prosauropod tracks 
Age: late Carnian or early Norian (Olsen 
and Galton 1984) 


82.3. MAFETENG DISTRICT, LESOTHO 
1. Lower Elliot Formation (Ellenberger 
1970; Kitching and Raath 1984) 
Prosauropoda 
Euskelosaurus sp. 


Age: late Carnian or early Norian (Olsen 
and Galton 1984) 


Only one location in Queensland, Australia, has yielded Upper 


Triassic dinosaur material (fig. 24.12). 


84.1. QUEENSLAND, AUSTRALIA 


1. Blackstone Formation (Molnar 1982; 


Thulborn 1998) 
Theropod tracks 


Age: middle-late Carnian (Thulborn 


1998) 


82.4. MOHALES HOEK DISTRICT, 
LESOTHO 


R 


. Lower Elliot Formation (Ellenberger 
1970; Kitching and Raath 1984; Olsen 
and Galton 1984) 

Theropod tracks 
Prosauropoda 
Euskelosaurus sp. 
cf. Melanorosaurus sp. 
Prosauropod tracks 
Age: late Carnian or early Norian (Olsen 
and Galton 1984) 


83.1. FARITANY TOLIARA, MADAGASCAR 


1. Isalo II Group (Flynn et al. 1999) 
Unnamed prosauropods 
Age: ?Middle Triassic-early Carnian 
(Flynn et al. 1999) 
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FIGURE 24.11. Late Triassic to Late Cretaceous 
localities in Ethiopia (72), Kenya (74), Tanzania 
(75), Mozambique (76), Zimbabwe (77), Zambia 
(78), Malawi (79), Namibia (80), South Africa (81), 
Lesotho (82), and Madagascar (83). Scale = 600 km. 


20" 


Early Jurassic 


Over the past decade, the dinosaur fossil record for the Early Juras- 
sic has expanded appreciably. More than 80 locations are found 
in North America, Europe, Asia, South America, and Africa, as 
well as newly discovered sites in Australasia and Antarctica. 


North America 


Like those of the Late Triassic, North American Early Jurassic 
dinosaurs (24 locations, an increase of over 30%) are known pri- 
marily from the Maritimes of Canada (through work by D. Baird, 
P. E. Olsen, N. Shubin, and H.-D. Sues), from the Southwest 
of the United States (through studies by E. H. Colbert, A. W. 


I.7. NOVA SCOTIA, CANADA 


1. Scots Bay Formation (Olsen et al. 1982; 
Olsen et al. 1987; Sues et al. 1987; Shubin 
et al. 1994; Weishampel and Young 


1996) Theropoda indet. 
Theropod tracks Theropod tracks 
Age: Hettangian (Olsen et al. 1982) Prosauropoda 
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2. McCoy Brook Formation (Olsen et al. 
1982; Olsen et al. 1987; Sues et al. 1987; 
Shubin et al. 1994; Weishampel and 
Young 1996; Rainforth 2003) 


Crompton, F. A. Jenkins, M. G. Lockley, M. Morales, K. Padian, 
T. Rowe, and S. P. Welles), and again from the eastern seaboard 
of the United States (primarily from studies by P. E. Olsen). 
North American locations for the Lower Jurassic are given in fig- 
ures 24.1-24.3 and 24.13. 


cf. Anchisaurus sp. 
cf. Ammosaurus sp. 
Prosauropod tracks 
Ornithischia indet. 
(?Scutellosaurus sp.) 
Ornithischian tracks 
Age: Hettangian (Olsen et al. 1982) 


FIGURE 24.12. Late Triassic to Late Cretaceous localities in Australia (84). Scale = 600 km. 


125 120 


vane 
We ; 
t. 
ne LEE 
Ff 
i 
‘ah 
ay, 
3 
50"Oy, eS 
ke | UU CD. 115 
v4 
_ . % 
“R ¢ 


FIGURE 24.13. Early Jurassic to Early Cretaceous localities in western Canada (1) and the northwest-central United States (3). Scale = 600 km. 


3.1. UTAH, UNITED STATES 


Segisaurus halli 


1. Wingate Sandstone (Brady 1960; Dubiel Theropoda indet. 
et al. 1989) Theropod tracks 
?Theropod tracks Prosauropoda 


w 


Age: Hettangian-Sinemurian (Olsen 


et al. 1982) 


. Moenave Formation (Miller et al. 1989; 
Hayden et al. 2001; Kirkland et al. 2002) 


Theropod tracks 
Prosauropod tracks 
Age: Hettangian (Miller et al. 1989) 


. Navajo Sandstone (Stokes 1978; 


Lockley et al. 1992a; Hamblin and 
Bilbey 1999) 

Theropod tracks 

Age: Toarcian (Olsen et al. 1982) 


3.2. ARIZONA, UNITED STATES 


= 


. Moenave Formation (Morales 1986, 


1994; Irby 1996a, 1996b) 
Theropoda indet. 
Theropod tracks 
Ornithischian tracks 
Age: Hettangian (Miller et al. 1989) 
Kayenta Formation (Colbert 1981; 
Welles 1984; Attridge et al. 1985; 
Morales 1986; Rowe 1989; Bulkley 
1996; Morales and Bulkley 1996) 
Theropoda 
Ceratosauria 
Dilophosaurus wetherilli 
Syntarsus kayentakatae 


Ammosaurus cf. major 
?Prosauropod tracks 
Ornithischian tracks 
Age: Pliensbachian-Toarcian (Peterson 
and Pipiringos 1979) 


w 


-4. COLORADO, UNITED STATES 


a 


. Navajo Sandstone (Faul and Roberts 
1951) 
Theropod tracks 
Age: Toarcian (Olsen et al. 1982) 
2. Kayenta Formation (Stokes and Bruhn 
1960; Lockley 1986a) 
?Theropod tracks 
Age: Hettangian (Imlay 1952); 
?Sinemurian (Rowe 
and Gauthier 1990) 


3.10. CALIFORNIA, UNITED STATES 
. Aztec Sandstone (Reynolds 1989) 


Theropod tracks 
Age: Early Jurassic (Reynolds 1989) 


a 


3.12. WYOMING, UNITED STATES 
. Nugget Sandstone (Stokes 1978) 


Theropod tracks 
Age: Toarcian (Olsen et al. 1982) 


BR 


w 


+20. MASSACHUSETTS, UNITED STATES 


Unnamed coelophysoid 1. East Berlin Formation (Ostrom 1972a; 
Theropod tracks Smith et al. 1996) 
Prosauropoda Theropod tracks 
Massospondylus sp. Age: Hettangian (Smith et al. 1996) 
Ornithischia indet. 2. Portland Formation (Olsen 1980a; 
Ornithischian tracks Thulborn 1991; Gierlinski 1996b; 
Ornithopoda Rainforth 2003; = Turner Falls 
Undescribed heterodontosaurid Formation) 
Thyreophora Theropod tracks 
Scutellosaurus lawleri Prosauropoda 
Scelidosaurus sp. Anchisaurus polyzelus 
Age: Sinemurian-Pliensbachian Prosauropod tracks 


(Peterson and Pipiringos 


Ornithischian tracks 


Age: Pliensbachian-Toarcian (Olsen 


1979) Dinosaur coprolites 
3. Wingate Sandstone (Morales 1996) 
Theropod tracks 1980a) 


Age: Sinemurian (Olsen et al. 1982) 


3. Unnamed unit (=?Portland Formation; 


4. Navajo Sandstone (Camp 1936; Galton 1980c) 
Galton 1976a; Winkler et al. 1987; Theropoda 
Nations et al. 1996; Rainforth and Ceratosauria 


Lockley 1996) 
Theropoda 
Ceratosauria 


Europe 


Podokesaurus holyokensis 
Age: Pliensbachian-Toarcian (Olsen 
1980a) 


3.21. CONNECTICUT, UNITED STATES 
1. Shuttle Meadow Formation (Olsen 
1980a, 1980b; Weishampel and Young 
1996) 
Theropoda indet. 
Theropod tracks 
Ornithischian tracks 
Age: Hettangian (Olsen 1980a) 
2. East Berlin Formation (Olsen 1980a, 
1980b) 
Theropod tracks 
Ornithischian tracks 
Age: Sinemurian (Olsen 1980a) 
. Portland Formation (Olsen 1980a, 
1980b; Rainforth 2003) 
Theropoda indet. (= Podokesaurus sp.) 
Theropod tracks 
Prosauropoda 
Anchisaurus polyzelus 
Ammosaurus major 
Prosauropoda indet. (including 
Anchisaurus solus) 
Prosauropod tracks 
Ornithischian tracks 
Age: Pliensbachian-Toarcian (Olsen 
1980a) 


w 


3.22. NEW JERSEY, UNITED STATES 
1. Upper Passaic Formation (Olsen 
1980a, 1980b; Olsen and Baird 1986; 
Weishampel and Young 1996) 
Theropod tracks 
Ornithischian tracks 
Age: early Hettangian (Olsen 1980a) 
2. Feltville Formation (Olsen 1980a, 
1980b) 
Theropod tracks 
Ornithischian tracks 
Age: early Hettangian (Olsen 1980a) 
. Towaco Formation (Olsen 1980a, 1980b) 
Theropod tracks 
Ornithischian tracks 
Age: Hettangian (Olsen 1980a) 
4. Boonton Formation (Olsen 1980a, 
1980b) 
Theropod tracks 
Ornithischian tracks 
Age: Hettangian-Sinemurian (Olsen 
1980a) 


w 


3.26. VIRGINIA, UNITED STATES 
1. Midland Formation (Pannell 1985) 
Theropod tracks 
Age: Pliensbachian-early Sinemurian 
(Pannell 1985) 


Much of what we know about the Early Jurassic of Europe (29 
locations, an increase of more than two-fold) comes from the 
early English work of R. Owen and A. Smith Woodward; from 
later work by, among others, P. C. Ensom; and D. M. Martill; 
and from the French studies of E. Buffetaut, G. Cuny, G.-R. De- 
mathieu,. P. Ellenberger, A. F. de Lapparent, and C. Montenat. 
Other studies include those by A. Ahlberg, E. Bélau, G. Gier- 
linski, C. Pleijel, and on the small but important dinosaur fauna 
of Sweden; by R. Wild and H. Haubold on German faunas; by 
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G. Gierlinski and L. Kordos on a Hungarian ichnofauna; and 
most recently by M. Lanziger and G. Leonardi, and G. Gierlin- 
ski, on new Italian and Polish track sites, respectively. (The 
indeterminate theropod Macrodontophion [Zborzewski 1834] is 
now known to be from the Jurassic of Nikolayevskaya Oblast, 
Ukraine [location 30.2-1; Kurzanov, pers. comm.], but a bet- 
ter age assignment is not possible at this time.) Lower Jurassic 
dinosaur locations of Europe are given in figures 24.4 and 
24.5. 


6.1. MALMOHUS LAN, SWEDEN 


1. Upper Hoganas Formation (Bélau 1952, 
1954; Pleijel 1975; Gierlinski and Ahlberg 
1994) 

?Theropoda indet. 

Theropod tracks 

Age: Hettangian (Gierlinski and Ahlberg 
1994) 


7.2. SKYE, SCOTLAND 


1. Broadford Beds Formation (Benton et al. 
1995) 
Theropoda 
Ceratosauria indet. 
Age: Sinemurian (Cope et al. 1980a) 


8.1. MID-GLAMORGAN, WALES 


1. Unnamed unit (Evans and Kermack 
1994) 
Theropoda indet. 
Age: Hettangian or Sinemurian (Fraser 
1988) 


9.I. COUNTY ANTRIM, NORTHERN IRELAND 
1. Lower Lias (Simms, pers. comm.) 
Theropoda indet. 
Thyreophora indet. 
Age: late Sinemurian (Cope et al. 1980b) 


10.4. NORTH YORKSHIRE, ENGLAND 


1. Whitby Mudstone Formation (Huene 
1926b; Benton and Spencer 1995) 
Theropoda indet. 

Age: Toarcian (Benton and Spencer 
1995) 


10.5. WARWICKSHIRE, ENGLAND 


1. Lower Lias (Woodward 1908b; Huene 
1932) 
Theropoda 
Ceratosauria indet. (= Sarcosaurus 
andrewsi) 
Age: late Sinemurian (Cope et al. 1980b) 


10.6, LEICESTERSHIRE, ENGLAND 


1. Lower Lias (Andrews 1921; Huene 1932) 
Theropoda 
Ceratosauria 
Sarcosaurus woodi 
Age: late Sinemurian (Cope et al. 1980b) 


10.7. DORSET, ENGLAND 


1. Lower Lias (Owen 1861a, 1863; 
Lydekker 1888b; Rixon 1968; Ensom 
1987, 1989; Martill 1991; Norman, 
pers. comm.) 

Theropoda indet. (= Megalosaurus 
lydekkeri) 
Thyreophora 
Scelidosaurus harrisonii 
Age: late Sinemurian (Cope et al. 1980b) 


14.1. DEPARTEMENT DE LA VENDEE, 
FRANCE 
1. Niveaux 8-13 (Bessonat et al. 1965; 
Lapparent and Montenat 1967) 
Theropod tracks 
Age: Hettangian (Lapparent and 
Montenat 1967) 


14.10. DEPARTEMENT DE LA MANCHE, 
FRANCE 
1. Moon-Airel Formation (= Couches 
d’Airel, Larsonneur and Lapparent 1966; 
Cuny and Galton 1993; Rauhut and 
Hungerbiihler 1998) 
Theropoda 
Ceratosauria 
“Liliensternus” airelensis 
(= Halticosaurus sp.) 
Age: early Hettangian (Cuny and Galton 
1993) 
2. Calcaire de Valognes (Rioult 1978; 
Buffetaut et al. 1991) 
Theropoda indet. (= Megalosaurus 
cloacinus) 
Age: early Hettangian (Buffetaut et al. 
1991) 


14.11. DEPARTEMENT DE L’AVEYRON, 
FRANCE 


RB 


. “Dolomie Cubique” (Demathieu 1990; 
Demathieu and Sciau 1992, 1999) 
Theropod tracks 
?Ornithischian tracks 
Age: Hettangian (Demathieu and Sciau 

1992) 

2. Unnamed unit (Ellenberger and Fuchs 

1965) 

Theropod tracks 

Age: ?Pliensbachian (= Lotharingian; 

Ellenberger and Fuchs 
1965) 


14.12. DEPARTEMENT DE L’HERAULT, 
FRANCE 
. Unnamed unit (Thaler 1962; Buffetaut 
et al. 1991) 
Theropod tracks 
Age: Hettangian (Buffetaut et al. 1991) 


BR 


14.13. DEPARTEMENT DE LA DORDOGNE, 
FRANCE 


1. Unnamed unit (Le Loeuff et al. 1998, 
1999) 
Theropod tracks 
Thyreophoran tracks 
Age: Hettangian (Le Loeuff et al. 1998, 
1999) 


14.14. DEPARTEMENT DE LA LOZERE, 
FRANCE 
1. “Dolomie adebit parallelepipedique” 
(Thaler 1962; Ellenberger 1965; 
Demathieu 1990) 
Theropod tracks 
Age: Hettangian (Ellenberger 1965) 


14.15. DEPARTEMENT DE LA MOSELLE, 
FRANCE 


BR 


. Unnamed unit (Huene 1926c) 
(not plotted) 
Theropoda indet. (= Megalosaurus 
terquemi) 
Age: Hettangian (Huene 1926c) 


16.1. DISTRITO DO LEIRIA, PORTUGAL 


1. Unnamed unit (Lapparent and 
Zbyszewski 1957) 


?Thyreophora indet. (= Lusitanosaurus 
liasicus) 

Age: ?Sinemurian (Lapparent and 
Zbyszewski 1957) 


17.2. BADEN-WURTTEMBERG, GERMANY 
1. Posidonienschiefer (Wild 1978a) 
Sauropoda 
Ohmdenosaurus liasicus 
Age: middle Toarcian (Geyer and 
Gwinner 1962) 


17.6. SCHLESWIG-HOLSTEIN, GERMANY 
1. Unnamed unit (Huene 1966) 
Theropoda indet. 
Age: Toarcian (= Lias epsilon; Geyer 
and Gwinner 1962) 


17.7. MECKLENBURG, GERMANY 


1. Unnamed unit (Haubold 1990) 
Thyreophora 
Emausaurus ernsti 
Age: early Toarcian (equivalent to the 
Posidonienschiefer; Haubold 
1990) 


I9.I. REGIONE TRENTINO-ALTO ADIGE, 
ITALY 


R 


. Lower Member of the Calcari Grigi 
di Noriglio Formation (Lanziger and 
Leonardi 1992; Dalla Vecchia 1994; 
Avanzini et al. 1997; Avanzini, 1998, 
2001; Leonardi 2000; Leonardi and 
Mietto 2000; Avanzini et al. 2001; 
Avanzini and Tomasoni 2001) 
Theropod tracks 
Sauropod tracks 
Ornithischian tracks 
?Ornithopoda tracks 
Age: Simemurian (Fugagnoli and Loriga 

Broglio 1998) 

2. Upper part of the Lower Member of the 
Calcari Grigi di Noriglio Formation 
(Avanzini, 1997) 

Theropoda tracks 
Sauropoda tracks 
Age: late Sinemurian (Leonardi 2000) 

. Tovel Member of the Calcari Grigi 
di Noriglio Formation (Avanzini et al. 
2001) 

Prosauropod tracks 
Tyreophoran tracks 
Age: Pliensbachian (Avanzini et al. 2001) 


w 


19.3. REGIONE VENETO, ITALY 
1. Middle-Upper Member of the Calcari 
Grigi di Noriglio Formation (Mietto and 
Roghi 1994) 
Theropod tracks 
Age: Pliensbachian (Mietto and Roghi 
1994) 


19.6. REGIONE LOMBARDIA, ITALY 


1. Saltrio Formation (Dal Sasso, pers. 
comm. in Dalla Vecchia 2001b) 
Theropoda 
Undescribed tetanuran 
Age: middle Sinemurian (Dalla Vecchia, 

pers. comm.) 
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20.2. WOJEWODZTWO KIELCE, 


1. Zagaje Formation (Pienkowski and 
Gierlinski 1987; Gierlifiski 1990, 1991, 
1994; Gierlinski and Sawicki 1998; 
Gierlinski and Pienkowski 1999; 
Gierlinski et al. 2001) 

Theropod tracks 
Sauropod tracks 


Asia 


Twelve locations are known to have yielded Lower Jurassic dino- 
saur material in Asia. These include sites in Iran (worked prin- 
cipally by A. F. de Lapparent), India (known primarily through 
studies by S. L. Jain and P. Yadagiri), and the People’s Republic 


Ornithischian tracks 
Age: late Hettangian (Gierlirniski 1990, 
1991, 1996a) 


Ornithischian tracks 
Age: early Hettangian (Gierlinski 1990, 
1994) 

2. Przysucha Formation (Gierlinski 1990, 
1991, 1996a, 1997; Gierliniski and 
Pienkowski 1999; including Sktoby 
Formation) 

Theropod tracks 
?Sauropod tracks 


POLAND 


26.1. MEGYE BARANYA, HUNGARY 
1. Mecsek Coal Formation (Kordos 
1983) 
?Ornithischian tracks 
Age: Hettangian (Kordos 1983) 


X.-L., and C.-C. Young, among others). The last country has 
produced the most extensive information on Early Jurassic 
dinosaurs from this continent and indeed for the world. Asian 
dinosaur locations from the Lower Jurassic are given in figures 


of China (known through studies by Cai K.-J., Dong Z.-M., He 


36.1. OSTAN KERMAN, IRAN 


1. Shemshak Formation (Lapparent and 
Davoudzadeh 1972) 
Theropod tracks 
Age: ?Hettangian-Pliensbachian (= Lias; 
Lapparent and Davoudzadeh 
1972) 


36.2. OSTAN MAZANDARAN, IRAN 


1. Unnamed unit (Lapparent and Sadat 1975) 
Theropod tracks 
Age: ?Hettangian-Pliensbachian (= Lias; 
Lapparent and Sadat 1975) 


44.1. FARYAB VELAYAT, AFGHANISTAN 


1. Unnamed unit (Lapparent and Stocklin 

1972) 

?Theropod tracks 

?Sauropod tracks 

?Ornithopod tracks 

Age: ?Hettangian-Pliensbachian (=?Lias; 
Lapparent and Stocklin 
1972) 


46.2. ANDRA PRADESH STATE, INDIA 


1. Kota Formation (Jain 1980, 1996; 
Yadagiri 1982, 1988; Bandyopadhyay 
1999; Bandyopadhyay et al. 2002) 
Theropoda indet. (including 

Dandakosaurus indicus) 

Sauropoda 

Kotasaurus yamanpaliensis 
Cetiosauridae 
Barapasaurus tagorei 

Thyreophora indet. 

Age: Hettangian-Pliensbachian 
(Bandyhopadhyay and 
Roy-Chowdhury 1996); 
Pliensbachian-Toarcian 
(Bandyopadhyay 1999) 


48.1. XIZANG ZIZHIQU, PEOPLE’S REPUBLIC 
OF CHINA 
1. Daye Group (Wang et al. 1985; Zhao 
unpubl. data) 
Undescribed theropod 
Prosauropoda 
Lufengosaurus changduensis 


24.6 and 24.7. 


Undescribed prosauropod 
Undescribed sauropod 
Undescribed ?thyreophoran 
Age: Early Jurassic (Wang et al. 1985) 


48.2. SICHUAN, PEOPLE’S REPUBLIC OF 
CHINA 


R 


. Zhenzhunchong Formation (Chen et al. 
1982; Dong et al. 1983; Dong 1984a) 
Prosauropoda 

cf. Lufengosaurus huenei 
(=cf. L. magnus) 
Prosauropoda indet. (= Anchisauridae 
indet.) 
Age: Toarcian-Bajocian (Wang and Sun 
1983); Early Jurassic (Dong 
et al. 1983) 

2. Ziliujing Formation (Dong et al. 1983; 

Wang et al. 1985; Dong 1992; He et al. 

1998; Luo and Wang 1999, 2000; Luo 

et al. 1999) 

Theropoda indet. 

Sauropoda 

Gongxianosaurus shibeiensis 
Sauropoda indet. (= Zizhongosaurus 
chuanchengensis, Sanpasaurus 
yaoi partim) 

Ornithopoda indet. (= Sanpasaurus yaoi 

partim) 

Age: Early Jurassic (Wang et al. 1985) 


48.3. YUNNAN, PEOPLE’S REPUBLIC OF 
CHINA 


R 


. Dull Purplish Beds of the Lower Lufeng 
Series (Young 1941a, 1941b, 1948a, 1948b, 
1951; Sun et al. 1985; Zhang and Yang 
1995; Zhao and Xu 1998; Xu et al. 2001a) 
Theropoda 

Therizinosauroidea 
Eshanosaurus deguchiianus 
Theropoda incertae sedis 
Lukousaurus yini 
Theropoda indet. (= Sinosaurus 
triassicus) 
Prosauropoda 
Lufengosaurus huenei (including 
Gyposaurus sinensis, 
L. magnus) 
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Jingshanosaurus xinwaensis 
Yunnanosaurus huangi (including 
Y. robustus) 
“Gyposaurus” sinensis 
Age: ?Hettangian (Luo and Wu 1994) 


2. Dark Red Beds of the Lower Lufeng 


Series (Young 1941a, 1941b, 1948a, 1951, 
1982b; Simmons 1965; Chen et al. 1982; 
Galton 1985f; Sun et al. 1985; Hu 1993; 
Luo and Wu 1994; Lucas 1996; Lamanna 
et al. 1998; Wilson and Sereno 1998; 
Barrett 1999, 2000a; Dong 2001; Zhao 
unpubl. data) 
Theropoda 
Ceratosauria 
“Dilophosaurus” sinensis 
Theropoda incertae sedis 
Lukousaurus yini 
Theropoda indet. (= Sinosaurus 
triassicus) 
Prosauropoda 
Lufengosaurus huenei (including 
Gyposaurus sinensis, 
L. magnus) 
“Gyposaurus” capensis 
Yunnanosaurus huangi (including 
Y. robustus) 
Prosauropoda indet. (= Fulengia 
youngi, Tawasaurus minor) 
Sauropoda indet. (including 
Kunmingosaurus 
wusdingensis) 
?Thyreophora incertae sedis 
Bienosaurus lufengensis 
Tatisaurus oehleri 
Ornithopoda 
Ornithopoda indet. 
(= Dianchungosaurus 
lufengensis) 
Age: Sinemurian (Luo and Wu 1994) 


3. Fengjiahe Formation (Zhen et al. 1986; 


Bai et al. 1990; Zhao unpbul. data) 
Theropod tracks 
Prosauropoda 
Yimenosaurus youngi 
Sauropoda indet. (= Chinshakiangosaurus 
chunghoensis) 
Age: Early Jurassic (Zhen et al. 1986) 


48.4. LIAONING, PEOPLE’S REPUBLIC OF 
CHINA 


1. Heichengtzu Series (Yabe et al. 1940; 
Young 1960) 


Theropod tracks 


1989) 


South America 


Four locations in South America have produced dinosaur ichno- 
faunas; all are from the Botucatu Formation of Brazil (worked 
by G. Leonardi; fig. 24.8). Another, reported by D. E. Russell and 
colleagues, and M.R. Sanchez-Villagra and J. M. Clark from 
Venezuela, provides the first record of skeletal remains from the 
Early Jurassic of South America. 


57.1. ESTADO DO RIO GRANDE DO SUL, 
BRAZIL 


Theropod tracks 


1. Botucatu Formation (Leonardi 1989) 
Theropod tracks 
Age: Hettangian-Toarcian (= Liassic; 


Age: ?Rhaetic-Toarcian 
(Zhen et al. 


?Ornithopod tracks 
Age: Hettangian-Toarcian (= Liassic; 
Leonardi 1989) 


57.3. ESTADO DO PARANA, BRAZIL 


53.I. NAGANO PREFECTURE, JAPAN 


1. Kuruma Group (Hatakeyama 1995) 
Theropod tracks 
Age: Early Jurassic (Hatakeyama 1995) 


61.1. ESTADO DO TACHIRA, 
VENEZUELA 


RB 


. La Quinta Formation (Russell 
et al. 1992; Sanchez-Villagra and 


Leonardi 1989) Cans) 
1. Botucatu Formation (Leonardi Ornithischia indet. 
57.2. ESTADO DO SAO PAULO, BRAZIL 1980a) (= Lesothosaurus? 
1. Botucatu Formation (Leonardi 1977, Theropod tracks sp. indet.) 
1980a, 1981b, 1989; Leonardi and Godoy Age: Hettangian-Toarcian (= Liassic; Age: ?Early Jurassic (Schubert 
1980) Leonardi 1989) 1986) 
Africa 


Like the Upper Triassic of Africa, the Lower Jurassic is best known 
from the Karroo Basin of southern Africa, primarily through the 
efforts of J. Attridge, A J. Charig, A. W. Crompton, F. and P. Ellen- 
berger, C. Gow, S. H. Haughton, K. A. Kermack, J. W. Kitching, and 


E. C. N. van Hoepen. Additional information on the Lower Juras- 
sic of Africa comes from work by J. Jenny and co-workers in Mo- 
rocco and G. Bond, M. R. Cooper, and M. A. Raath in Zimbabwe. 
Figures 24.10 and 24.11 provide information on these locations. 


64.1. PROVINCE DE MARRAKECH, 
MOROCCO 


RB 


. Aganane Formation (Jenny and Jossen 
1982) 
Theropod tracks 
?Sauropod tracks 
2Stegosaur tracks 
Age: Pliensbachian (Jenny and Jossen 
1982) 
2. Unnamed unit (Jenny et al. 1980; 
Taquet 1985) 
Theropoda indet. 
Sauropoda indet. 
Age: Toarcian (Jenny et al. 1980) 


64.2. PROVINCE D’OUARZAZATE, 
MOROCCO 


1. Imi-n-Ifri Formation (Monbaron et al. 
1985) 
Ornithopod tracks 
Age: Sinemurian (Monbaron et al. 
1985) 
2. Aganane Formation (Jenny and Jossen 
1982) 
Theropod tracks 
?Sauropod tracks 
2Stegosaur tracks 
Age: Pliensbachian (Jenny and Jossen 
1982) 


64.3. PROVINCE DE BENI MELLAL, 
MOROCCO 


1. Aganane Formation (Jenny and Jossen 
1982) 
?Sauropod tracks 
?Stegosaur tracks 
Age: Pliensbachian (Jenny and Jossen 
1982) 


65.1. WILAYA SAIDA, ALGERIA 


1. Unnamed unit (Bassoulet 1971) 
Theropod tracks 
Age: ?Hettangian (Bassoulet 1971; 
Taquet 1977) 


77.1. MASHONALAND NORTH, 
ZIMBABWE 


1. Vulcanodon Beds (Raath 1972; Cooper 
1984) 
Sauropoda 
Vulcanodon karibaensis 
Age: ?Hettangian (Raath 1972) 


77.2. MASHONALAND WEST, ZIMBABWE 


1. Upper Karroo Sandstone (Raath et al. 
1970) 
Prosauropoda 
Massospondylus carinatus 
Age: Early Jurassic (Raath et al. 1970) 


77.3. MATABELELAND NORTH, ZIMBABWE 


1. Forest Sandstone (Raath 1969) 
Theropoda 
Ceratosauria 
Syntarsus rhodesiensis 
Prosauropoda 
Massospondylus carinatus 
Prosauropoda indet. 
Age: Hettangian-Sinemurian 
(Olsen and Galton 
1984) 


80.1. OTJIQARONGO, NAMIBIA 


1. Etjo Sandstone (Huene 1925a; Guirich 
1926; Rubidge, pers. comm.) 
Theropod tracks 
Undescribed prosauropod 
Age: ?Sinemurian (= Clarens 

Formation; Kitching, 
pers. comm.) 


81.1. TRANSVAAL, SOUTH AFRICA 
1. Bushveld Sandstone (Haughton 
1924) 
Prosauropoda 
Massospondylus carinatus 
Age: ?Sinemurian (?= Lower Clarens 
Formation; Kitching, pers. 
comm.) 
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81.2. FREE STATE PROVINCE, SOUTH 
AFRICA 


1. Upper Elliot Formation (Haughton 1924; 


Kitching 1979, 1981; Grine and Kitching 
1987; Sereno 1991b; Zelenitsky and 
Modesto 2002) 
Theropoda 
Ceratosauria 
Syntarsus rhodesiensis 
Prosauropoda 
Massospondylus carinatus 
Prosauropoda indet. (= Leptospondylus 
capensis, Pachyspondylus 
orpenii, Aetonyx palustris, 
Gryponyx taylori, G. africanus, 
Hortalosaurus skirtopodus, 
Massospondylus browni, 
Dromicosaurus gracilis) 
Ornithopoda 
Heterodontosauridae 
Heterodontosaurus tucki 
Abrictosaurus consors 
Lycorhinus angustidens (= Lanasaurus 
scalpridens) 
Dinosaur eggs 
Age: Hettangian-?Sinemurian (Olsen 
and Galton 1984) 
2. Clarens Formation (Haughton 1924) 
Prosauropoda 
Massospondylus carinatus 
Prosauropoda indet. 
(= Thecodontosaurus minor, 
Aristosaurus erectus, 
Thecodontosaurus dubius, 
Gyposaurus capensis) 
Ornithischia indet. (= Fabrosaurus sp.) 
Ornithopoda 
Heterodontosauridae 
Heterodontosaurus tucki 
Ornithopoda indet. (= Geranosaurus 
atavus) 
Age: Sinemurian (Olsen and Galton 
1984) 


81.3. CAPE PROVINCE, SOUTH AFRICA 


1. Upper Elliot Formation (Haughton 1924; 
Charig et al. 1965; Thulborn 1974; Gow 
1975a; Hopson 1975a; Santa Luca et al. 
1976; Raath 1980; Kitching and Raath 
1984) 

Theropoda 
Ceratosauria 
Syntarsus thodesiensis 
Prosauropoda 


Australasia 


Massospondylus carinatus 
Massospondylus sp. 
Prosauropoda indet. (including 
Massospondylus browni, 
M. harriesi, Thecodontosaurus 
browni, T. minor, 
Hortalotarsus skirtopodus, 
Massospondylus schwarzi) 
?Ornithischia indet. 
Ornithopoda 
Heterodontosauridae 
Heterodontosaurus tucki 
Lycorhinus angustidens 
Abrictosaurus consors 
Age: Hettangian-?Sinemurian (Olsen 
and Galton 1984) 

2. Clarens Formation (Haughton 1924; 
Crompton and Charig 1962; Kitching 
and Raath 1984) 

Prosauropoda 
Massospondylus carinatus 
Prosauropoda indet. (= Hortalotarsus 
skirtopodus) 
Ornithopoda 
Heterodontosauridae 
Heterodontosaurus tucki 
Heterodontosauridae indet. 
(= Geranosaurus atavus) 
Age: Sinemurian (Olsen and Galton 
1984) 


82.1. LERIBE DISTRICT, LESOTHO 
1. Upper Elliot Formation (Haughton 1924; 
Ellenberger 1970; Kitching and Raath 
1984; Olsen and Galton 1984) 
Theropod tracks 
Prosauropoda 
Massospondylus carinatus (= Gryponyx 
sp., Aetonyx sp.) 
Prosauropod tracks 
Ornithischian tracks 
Age: Hettangian-?Sinemurian (Olsen 
and Galton 1984) 


82.3. MAFETENG DISTRICT, LESOTHO 
1. Upper Elliot Formation (Ginsburg 
1964; Galton 1978; Kitching and 
Raath 1984; Olsen and Galton 1984; 
Santa Luca 1984; Gauffre 1993c; 
Knoll and Battail 2001; Knoll 2002a, 
2002b) 
Theropod tracks 
Prosauropoda 
cf. Massospondylus sp. 


Two Early Jurassic dinosaur locations, both ichnofaunas, are 
known from Queensland, Australia, through the work of J. A. 
Long, T. H. V. Rich, R. A. Thulborn, and P. Vickers-Rich (fig. 24.12). 


84.1. QUEENSLAND, AUSTRALIA 


1. Precipice Sandstone (Thulborn 1994; 
Rich and Vickers-Rich 1997; Long 1998) 
Theropod tracks 


Ornithopod tracks 
Age: Early Jurassic (Thulborn 1994) 


2. Razorback Beds (Rich and Vickers-Rich 


1997) 
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Melanorosaurus thabanensis 
Prosauropod tracks 
Ornithischia 
Lesothosaurus diagnosticus 
Unnamed ornithischian 
Ornithischia indet. (= Fabrosaurus 
australis) 
Ornithischian tracks 
Age: Hettangian-?Sinemurian 
(Olsen and Galton 
1984) 


82.4. MOHALES HOEK DISTRICT, LESOTHO 


1. Upper Elliot Formation (Ellenberger 
1970; Kitching and Raath 1984; Olsen 
and Galton 1984) 

Theropod tracks 

Prosauropoda indet. 
(=cf. Gryponyx sp.) 

Prosauropod tracks 

?Ornithischia indet. 

Ornithischian tracks 

Age: Hettangian-?Sinemurian (Olsen 
and Galton 1984) 


82.5. QACHAS NEK DISTRICT, LESOTHO 


1. Upper Elliot Formation (Thulborn 
1970a, 1974; Hopson 1975a; Kitching 
and Raath 1984) 

Prosauropoda 
cf. Massospondylus sp. 
Ornithopoda 
Heterodontosauridae 
Abrictosaurus consors (including 
Lycorhinus consors) 
Age: Hettangian-?Sinemurian (Olsen 
and Galton 1984) 


82.6. QUTHING DISTRICT, LESOTHO 
1. Upper Elliot Formation (Ellenberger 
1970; Kitching and Raath 1984; Olsen 
and Galton 1984) 
Theropod tracks 
Prosauropoda 
Massospondylus carinatus (including 
Gryponyx taylori) 
Prosauropoda indet. (including 
Thecodontosaurus browni) 
Prosauropod tracks 
Ornithopoda 
Heterodontosauridae 
Heterodontosaurus sp. 
Age: Hettangian-?Sinemurian (Olsen 
and Galton 1984) 


Theropod tracks 

Ornithopod tracks 

Age: Early Jurassic (Rich and Vickers- 
Rich 1997) 


20) 
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FIGURE 24.14. Middle Jurassic and Late Cretaceous localities in Mexico (4) and Honduras (5). Scale = 600 km. 


Antarctica 


From the heart of Antarctica, the Transantarctic Mountains have 
yielded a surprisingly rich Early Jurassic dinosaur fauna, cur- 
rently under study by W. R. Hammer and colleagues (fig. 24.1). 


86.0. (NO ADMINISTRATIVE-LEVEL 


Theropoda 
DIVISIONS) 


Carnosauria 
1. Hanson Formation (Hammer and 
Hickerson 1994, 1996) 


Middle Jurassic 


The fossil record of dinosaurs during the Middle Jurassic has im- 
proved immensely over the past decade (they are now known 
from nearly a hundred locations), although it still consists of 
rather limited faunas. Scattered locations are now known on all 
continents except Antarctica, but by far the best record comes 
from Europe. 


North America 


The record of Middle Jurassic dinosaurs in North America (13 lo- 
cations, an increase from 1) consists principally of ichnofaunas 
from the southwestern United States and southern Mexico 
(figs. 24.3, 24.13, and 24.14). These dinosaur occurrences come 


3.1. UTAH, UNITED STATES Theropod tracks 
1. Carmel Formation (Lockley and Hunt 


1995a) 2001) 


Cryolophosaurus ellioti 
Allosauroidea indet. 


Age: Bajocian-Bathonian (Kowallis et al. 


Theropoda indet. 
Prosauropoda indet. 
Age: Sinemurian-Pliensbachian (Hammer 
and Hickerson 1996) 


to us principally from the research of A. P. Hunt, M. G. Lockley, 
and S. G. Lucas in the southwestern United States and J. M. 
Clark, D. E. Fastovsky, and I. Ferrusquia-Villafranca in central 
Mexico. 


2. Entrada Sandstone (Lockley 1991; 
Anderson and Lucas 1996; Lockley et al. 
1996b) 


DINOSAUR DISTRIBUTION 537 


Theropod tracks 
Age: late Bathonian-early Callovian 
(Imlay 1952) 

. Summerville Formation (Gillette 1993; 
Anderson and Lucas 1996; Lockley et al. 
1996b, 2000) 

Theropod tracks 
Sauropoda incertae sedis 
Dystrophaeus viaemalae 
Age: Callovian-Oxfordian (Anderson 
and Lucas 1996) 


w 


3.2. ARIZONA, UNITED STATES 


Rp 


. Undifferentiated Bluff-Summerville 
Formation (Lockley et al. 1996b) 
Theropod tracks 
Sauropod tracks 
Age: Callovian-Oxfordian (Anderson 

and Lucas 1996) 


3.3. NEW MEXICO, UNITED STATES 


Rp 


. Summerville Formation (Lockley et al. 
1996b; Lucas et al. 1996) 
Theropod tracks 
Sauropoda indet. (= Camarasaurus sp.) 
Age: Callovian-Oxfordian (Anderson 
and Lucas 1992) 


3.4. COLORADO, UNITED STATES 


RP 


. Summerville Formation (Lockley et al. 
1996b) 


Europe 


Theropod tracks 
Age: Callovian-Oxfordian (Anderson 
and Lucas 1996) 


3.6. OKLAHOMA, UNITED STATES 


1. Bell Ranch Formation (Lockley et al. 
1996b) 
Theropod tracks 


Age: Callovian-Oxfordian (Lockley et al. 


1996b) 
3.12. WYOMING, UNITED STATES 
1. Gypsum Spring Formation (Kvale et al. 
2001) 
Theropod tracks 
Age: late Bajocian (Kvale et al. 2001) 
2. Sundance Formation (Breithaupt et al. 
1998; Kvale et al. 2001) 
Theropod tracks 
Age: middle-late Bathonian (Breithaupt 
et al. 1998; Kvale et al. 2001) 


4.1. ESTADO DE MICHOACAN, MEXICO 


1. Tecocoyunca Group (Ferrusquia- 
Villafranca et al. 1978, 1980, 1996) 
Theropod tracks 
Sauropod tracks 
Ornithopod tracks 
Age: early Bajocian-early Bathonian 

(Ferrusquia-Villafranca et al. 
1978, 1980) 


4.2. ESTADO DE TAMAULIPAS, 
MEXICO 


1. La Boca Formation (Clark et al. 
1994a; Fastovsky et al. 1995; 
Munter 1999) 
Theropoda 
Unnamed ceratosaur 
Theropoda indet. 
?Sauropoda indet. 
Ornithischia indet. 
Age: early Middle Jurassic (?Hettangian- 
?Sinemurian; Fastovsky et al. 
1995) 


4.3. ESTADO DE OAXACA, MEXICO 

1. Zorrillo Formation (Ferrusquia- 
Villafranca et al. 1995; Jiménez-Hidalgo 
et al. 1998) 
Theropod tracks 
Sauropod tracks 
Ornithopod tracks 
Age: Bajocian-Bathonian (Jiménez- 

Hidalgo et al. 1998) 


4.4. ESTADO DE PUEBLA, MEXICO 
1. Unnamed unit (Ferrusquia-Villafranca 
et al. 1995) 
?Sauropoda indet. 
Age: Jurassic (Ferrusquia-Villafranca 
et al. 1995) 


Middle Jurassic dinosaurs are best known from Europe (fig. 24.15; 
54 locations, amounting to an increase of over 40%). Scottish 
and English locations are known principally through the work 
of W. Buckland, J. B. Delair, S. E. Evans, A. N. Leeds, D. M. Mar- 
till, A. R. Milner, R. Owen, W. A. S. Sarjeant, H. G. Seeley, and 


the work of E. Buffetaut, F. de Broin, R. Hoffstetter, J. Kriwet and 
collaborators, and J. Pivetaut. No less important, although rarer, 
are the Portuguese, German, and Russian locations, which are 
known through work by W. G. Kuhne, R. A. Thulborn, and V. F. 
dos Santos; I. Michelis and collaborators; and V. P. Novikov and 


A. S. Woodward, and French locations are best known through 


7.2. SKYE, SCOTLAND 


1. Valtos Sandstone Formation (Clark et al. 
1995) 

Sauropoda indet. (=?Cetiosauridae 
indet.) 
Age: Bathonian (Clark et al. 1995) 

2. Ostracod Limestone (Great Estuarine 
Series; Evans and Milner 1994) 
Theropoda indet. 

Age: middle Bathonian (Cope et al. 
1980a) 


7.3. HIGHLAND, SCOTLAND 


1. Lealt Shale Formation (Andrews and 
Hudson 1984; Delair and Sarjeant 1985) 
Ornithopod tracks 
Age: Bathonian (Harris and Hudson 

1980) 


I0.I. SOMERSET, ENGLAND 


1. Inferior Oolite (Woodward 1894; Benton 
and Spencer 1995) 
Theropoda indet. (= Megalosaurus sp.) 
Age: Aalenian-Bajocian (Cope et al. 
1980a) 


10.3. GLOUCESTERSHIRE, ENGLAND 


1. Inferior Oolite (Lydekker 1888a; 
Woodward 1894; Walker 1964; Benton 
and Spencer 1995) 

Theropoda indet. (= Megalosaurus 
bucklandii, Megalosaurus sp.) 

Age: Aalenian-Bajocian (Cope et al. 
1980a) 


2. Chipping Norton Formation (Galton 


et al. 1980; Evans and Milner 1994; 
Metcalf and Walker 1994; Benton and 
Spencer 1995; Upchurch, pers. comm.) 
Theropoda incertae sedis 

Megalosaurus sp. 

Theropoda indet. (= Megalosaurus sp.) 
Sauropoda indet. (= Cetiosaurus sp.) 
Ornithischia indet. (= cf. Alocodon sp., 

cf. Phyllodon sp.) 
Stegosauria indet. (= Stegosaurus sp., 
?Lexovisaurus vetustus) 
Age: early Bathonian (Cope et al. 1980a) 


3. Cotswold Slate (Benton 1988; Evans 


and Milner 1994; Benton and Spencer 
1995) 
Theropoda indet. (= Megalosaurus sp.) 
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co-workers, respectively. 


Age: middle Bathonian (Cope et al. 
1980a) 


4. Forest Marble (Evans and Milner 1994; 


Benton, pers. comm.) 
Theropoda 
Coelurosauria 
Proceratosaurus bradleyi 
Theropoda indet. (= Megalosaurus 
bucklandii) 
Sauropoda indet. (= Cetiosaurus 
oxoniensis) 
Ornithischia indet. 
Age: late Bathonian (Cope et al. 1980a) 
. Great Oolite (Benton and Spencer 1995; 
Upchurch, pers. comm.) (not plotted) 
Sauropoda incertae sedis 
Cardiodon rugulosus 
Age: late Bathonian (Cope et al. 1980a) 


nn 


10.4. NORTH YORKSHIRE, ENGLAND 


1. Saltwick Formation (Whyte and 
Romano 1981, 1993, 2001; Romano et al. 
1999; Romano and Whyte 2003) 
Theropod tracks 
Sauropod tracks 
Stegosaur tracks 


FIGURE 24.15. Middle and Late Jurassic localities in Scotland (7), England (10), France (14), Spain (15), Portugal (16), Germany (17), and Switzerland 
(25). Position of England not to scale. Scale = 600 km. 


Ornithopod tracks 
Age: Aalenian (Cope et al. 1980a) 

2. Lower Deltaic Series (Sarjeant 1970; Hill 

1976; Thulborn 1991) 

Theropod tracks 

Dinosaur coprolites 

Age: late Aalenian (Sarjeant 1970) 

3. Inferior Oolite (Owen 1840-45; 
Brodrick 1909; Sarjeant 1970; Benton 
and Spencer 1995; Upchurch and 
Martin 2002) 

Theropod tracks 

Sauropoda indet. (including Cetiosaurus 
hypoolithicus, C. longus, 
C. medius) 

Ornithopod tracks 

Age: Aalenian-Bajocian (Cope et al. 
1980a) 

4. Upper Estuarine Series (Sarjeant 1970) 


Theropod tracks 
Age: early-middle Bathonian (Cope et al. 
1980a) 


10.6; LEICESTERSHIRE, ENGLAND 


1. Great Oolite (Phillips 1871; Benton and 
Spencer 1995; Upchurch, pers. comm.) 
Sauropoda indet. (Cetiosaurus sp.) 

Age: late Bathonian (Benton and 
Spencer 1995) 


10.7. DORSET, ENGLAND 


1. Inferior Oolite (Huene 1923; Waldman 
1974; Benton and Spencer 1995) 
Theropoda incertae sedis 
Magnosaurus nethercombensis 
“Megalosaurus” hesperis 

Stegosauria 
Stegosauridae indet. (= “Stegosaurus” sp.) 


Age: Aalenian-Bajocian (Cope etal. 1980a) 
2. Forest Marble (Evans and Milner 1994) 
Theropoda indet. (including 
Megalosaurus sp.) 
Ornithischia indet. 
Age: late Bathonian (Cope et al. 1980a) 
3. Lower Oxford Clay (Galton 1985c) 
Stegosauria 
Stegosauridae 
Lexovisaurus durobrivensis 
Age: middle Callovian (Cope et al. 
1980a) 


10.8. NORTHAMPTONSHIRE, ENGLAND 
1. Northampton Sands Formation (Reid 
1984c) 
Sauropoda indet. (=?Brachiosauridae 
indet.) 
Age: early Aalenian (Cope et al. 1980a) 
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2. Inferior Oolite (Lydekker 1888b; 
Woodward 1894) 
Theropoda indet. (=?Megalosaurus 
bucklandii) 
Age: Aalenian-Bajocian (Cope etal. 1980a) 
. Great Oolite (Owen 1842a, 1842b; 
Philips 1871; Benton and Spencer 1995; 
Upchurch and Martin, 2003) 
Sauropoda indet. (= Cetiosaurus oxoniensis) 
Age: late Bathonian (Cope et al. 1980a) 
4. Cornbrash Formation (Woodward 1894; 
Benton and Spencer 1995; Upchurch 
and Martin 2002) 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda indet. (= Cetiosaurus sp.) 
Age: late Bathonian (Cope et al. 1980a) 


w 


10.9. CAMBRIDGESHIRE, ENGLAND 


1. Lower Oxford Clay (Hulke 1887; 
Lydekker 1889b; Nopcsa 1911a; van 
Straelen 1928; Charig 1980; Galton 
1980c, 1983b, 1985c; Martill 1988; 
Benton and Spencer 1995; Upchurch 
1995; Upchurch and Martin 2002) 
Sauropoda 

Diplodocoidea incertae sedis 
Cetiosauriscus stewarti 
Sauropoda indet. (= Ornithopsis leedsi) 
Stegosauria 
Stegosauridae 
Lexovisaurus durobrivensis 
(= Stegosaurus priscus, 
Omosaurus leedsi partim) 
Ankylosauria incertae sedis 
Sarcolestes leedsi 
Ornithopoda 
Euornithopoda indet. 
?Iguanodontia indet. (= Camptosaurus 
leedsi) 
Dinosaur eggs 
Age: middle Callovian (Martill 1988) 


10.10. BEDFORDSHIRE, ENGLAND 


1. Oxford Clay (Lydekker 1888b; Benton 
and Spencer 1995) 
Stegosauria indet. (=?Lexovisaurus sp.) 
Age: Callovian (Benton and Spencer 1995) 


IO.II. OXFORDSHIRE, ENGLAND 


1. Sharp’s Hill Formation (Phillips 1871; 
Lydekker 1888a; Galton and Powell 
1983; Galton 1985c; Boneham and 
Forsey 1992; Evans and Milner 1994; 
Benton and Spencer 1995; Upchurch, 
pers. comm.) 

Theropoda indet. (= Megalosaurus sp.) 
Sauropoda indet. (= Cetiosaurus sp.) 
Stegosauria 
Stegosauridae indet. (= Omosaurus 
vetustus) 
Age: early Bathonian (Cope et al. 1980a) 

2. Chipping Norton Formation (Owen 
1842a; Phillips 1871; Hulke 1887; Galton 
and Powell 1983; Benton and Spencer 
1995; Upchurch, pers. comm.) 
Theropoda indet. (= Megalosaurus sp., 

Streptospondylus cuvieri, 
?Scrotum humanum) 
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Sauropoda indet. (including Cetiosaurus 
sp., C. giganteus) 

Stegosauria 

Stegosauridae indet. (= Omosaurus 

vetustus) 

Age: late Callovian (Martill 1988); early 
Bathonian (Cope et al. 
1980a) 


. Hampen Marly Formation (Evans 


and Milner 1994; Benton and Spencer 

1995) 

Sauropoda indet. (= Cetiosaurus sp.) 

Age: middle Bathonian (Benton and 
Spencer 1995) 


. Stonesfield Slate (Huxley 1869b; Huene 


1926a, 1932; van Straelen 1928; Galton 
1975, 1980c; Benton and Spencer 1995; 
Upchurch, pers. comm.) 
Theropoda 
Megalosauridae 
Megalosaurus bucklandii 
Tetanurae incertae sedis 
Tliosuchus incognitus 
Sauropoda indet. (= Cetiosaurus 
oxoniensis) 
Ornithopoda 
Euornithopoda indet. 
?Dinosaur eggs 
Age: middle Bathonian (Cope et al. 
1980a) 


. White Limestone Formation (Day et al. 


2002a, 2002b) 

Theropod tracks 

Sauropod tracks 

Age: middle Bathonian (Cope et al. 
1980a) 


. Forest Marble (Phillips 1871; Freeman 


1976, 1979; Evans and Milner 1991, 
1994; Benton and Spencer 1995; 
Upchurch and Martin 2002) 
Theropoda 
Maniraptora indet. 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda 
Cetiosauridae 
Cetiosaurus oxoniensis 
Diplodocoidea incertae sedis 
“Cetiosaurus” glymptonensis 
Sauropoda indet. (= Cetiosaurus sp., 
Bothriospondylus sp.) 
Ornithischia indet. (= cf. Alocodon sp.) 
Ornithopoda 
Iguanodontia indet. (=?Jguanodon sp.) 
Age: late Bathonian (Cope et al. 1980a) 


. Cornbrash Formation (Woodward 1894; 


Galton and Powell 1983) 
Theropoda indet. (= Megalosaurus 
bucklandii) 
Stegosauria 
Stegosauridae indet. (= Omosaurus 
vetustus) 
Age: late Bathonian (Cope et al. 1980a) 


. Middle Oxford Clay (Martill 1988; 


Benton and Spencer 1995) 

Theropoda incertae sedis 
Eustreptospondylus oxoniensis 
Theropoda indet. (= Megalosaurus sp.) 

Age: late Callovian (Martill 1988) 
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10.12. RUTLAND, ENGLAND 


1. “Rutland Clay” (Benton and Spencer 
1995; Upchurch and Martin 2002) 
Sauropoda 

Cetiosauridae 
Cetiosaurus oxoniensis 
Age: late Bajocian (Upchurch and 
Martin, 2002) 


10.13. BUCKINGHAMSHIRE, ENGLAND 


1. Great Oolite (Phillips 1871; Woodward 
1894) 
Sauropoda indet. (= Cetiosaurus sp.) 
Age: late Bathonian (Cope et al. 
1980a) 


2. Forest Marble (Delair and Sarjeant 


1985) 
Theropod tracks 
Age: late Bathonian (Cope et al. 1980a) 


10.14. WILTSHIRE, ENGLAND 


1. Inferior Oolite (Delair 1973; Upchurch, 
pers. comm.) 
Sauropoda indet. (= Cetiosaurus sp.) 
Age: Aalenian-Bajocian (Cope et al. 
1980a) 


2. Great Oolite (Lydekker 1888a; Benton 


and Spencer 1995; Upchurch, pers. 
comm.) 
Theropoda indet. (= Megalosaurus 
bucklandii) 
Sauropoda indet. (= Cetiosaurus sp.) 
Age: late Bathonian (Cope et al. 1980a) 
. Forest Marble (Owen 1841, 1875; Delair 
1973; Benton and Spencer 1995) 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda incertae sedis 
Cardiodon rugulosus 
Sauropoda indet. (= Bothriospondylus 
robustus) 
Ornithischia indet. (=?Hylaeosaurus sp.) 
Age: late Bathonian (Cope et al. 1980a) 


4. Oxford Clay (Delair 1973) 


Sauropoda indet. (= Cetiosaurus sp.) 
Age: Callovian (Cope et al. 1980) 


14.4. DEPARTEMENT DU DOUBS, FRANCE 


1. Unnamed unit (Broin et al. 1991) 
Theropoda indet. 
Age: Callovian (Broin et al. 1991) 


2. Unnamed unit (Buffetaut 1994) 


Theropoda 
Megalosaurus sp. 
Age: Callovian (Buffetaut 1994) 


I4.1I. DEPARTEMENT DE L’AVEYRON, 


FRANCE 
. Unnamed unit (Kriwet et al. 1997) 
Theropoda indet. 
Euornithopoda indet. 
Age: early Bathonian (Kriwet et al. 1997) 


a 


14.15. DEPARTEMENT DE LA HAUTE-SAONE, 


FRANCE 


1. Unnamed unit (Buffetaut et al. 1995a) 


Theropoda 
Megalosaurus sp. 
Age: Callovian (Buffetaut et al. 1995a) 


14.16. DEPARTEMENT DE L’ORNE, FRANCE 
1. Calcaire d’Ecouché (Rioult 1978; 
Buffetaut et al. 1991) 
Theropoda indet. 
Age: early Bathonian (Rioult 1978; 
Buffetaut et al. 1991) 


14.17. DEPARTEMENT DU CALVADOS, 
FRANCE 

1. Ecouché Limestone (Mercier 1937; 
Buffetaut et al. 1991; Buffetaut 1994) 
Theropoda indet. (= Megalosaurus sp.) 
Age: early Bathonian (Buffetaut et al. 

1991) 

2. Calcaire de Caen (Caumont 1828; 
Eudes-Deslongchamps 1838; Gervais 
1859; Rioult 1978; Buffetaut et al. 1991; 
Allain 2002) 

Theropoda 
Megalosauridae 
Poekilopleuron bucklandii 
Unnamed eustreptospondyline 
(= “Poekilopleuron” 
valesdunensis) 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda indet. 
Age: middle Bathonian (Buffetaut et al. 
1991) 

3. Marnes a Belemnopsis latesulcata 
Formation (Hoffstetter and Brun 1956; 
Hoffstetter 1957; Buffetaut 1995b) 
Sauropoda indet. 

Stegosauria 
Stegosauridae 
Lexovisaurus durobrivensis 
Age: early Callovian (Buffetaut et al. 
1991) 

4. Marnes de Dives (Taquet and Welles 
1977; Buffetaut et al. 1991; Buffetaut 
and Enos 1992) 


Asia 


Theropoda 
Tetanurae incertae sedis 
Piveteausaurus divesensis 
Theropoda indet. 
Age: late Callovian (Taquet and Welles 
1977; Buffetaut et al. 1991) 
5. Unnamed unit (Gaudry 1890; Lapparent 
1967; Taquet, pers. comm.) 
Theropoda indet. (listed as Ornithopoda 
indet. in Lapparent 1967) 
Age: ?Middle Jurassic (Taquet, pers. 
comm.) 
6. Unnamed unit (Allain 2001) (not 
plotted) 
Theropoda 
Tetanurae incertae sedis 
Streptospondylus altdorfensis 
Age: late Callovian or early Oxfordian 
(Allain 2001) 


14.18. DEPARTEMENT DE L’INDRE, FRANCE 
1. Unnamed unit (Sauvage 1900; Buffetaut 
et al. 1991; Buffetaut 1994) 
Theropoda indet. (= Megalosaurus 
bucklandii) 
Sauropoda indet. (= Pelorosaurus sp.) 
Age: Bathonian (Buffetaut 1994) 


14.19. DEPARTEMENT DE LA CHARENTE- 
MARITIME, FRANCE 


R 


. Unnamed unit (Lapparent 1967; no 
further information on this entry, and it 
may be in error) 

Theropoda indet. (= Megalosaurus sp.) 
Age: Bathonian (Lapparent 1967) 


16.1. DISTRITO DO LEIRIA, PORTUGAL 
1. Unnamed unit (Thulborn 1973a) 


Ornithischia indet. (= Alocodon kuehnei) 
Age: late Callovian (Thulborn 1973a) 


16.2. DISTRITO DO SANTAREM, 
PORTUGAL 


R 


. Calcdrios Micriticos da Serra de Aire 
(Santos et al. 1994) 
Sauropod tracks 
Age: late Bajocian-early Bathonian 
(Santos et al. 1994) 


17.8. NORDRHEIN-WESTPHALEN, 
GERMANY 


1. Unnamed unit (Michelis et al. 1996) 

Stegosauria 

Stegosauridae 

Lexovisaurus sp. 

Ornithopoda 

Iguanodontia indet. 
Age: middle Callovian (Michelis et al. 

1996) 


20.2. WOJEWODZTWO KIELCE, 
POLAND 


1. Glowacz6w Formation (Gazdzicka et al. 

2001; Gierliniski et al. 2001) 

Theropod tracks 

Stegosaur tracks 

Euornithopod tracks 

Age: early Kimmeridgian (Gazdzicka et 
al. 2001; Gierlinski et al. 
2001) 


37.1. MOSKOVSKAYA OBLAST, RUSSIA 


1. Unnamed unit (Novikov et al. 1998; 
Alifanov 2000; Alifanov and Sennikov 
2001) 

Theropoda incertae sedis 
cf. Ricardoestesia sp. 
Theropoda indet. (including 
Dromaeosauridae indet.) 
Age: late Bathonian (Alekseev et al. 
2001) 


Thirteen locations are known for the Middle Jurassic of Asia (a 
threefold increase), most from the People’s Republic of China 
(fig. 24.7). The faunas from Sichuan have yielded the most di- 
verse, complete, and abundant dinosaur material known from 
this timespan. The area has the further advantage of currently 
being exploited by Cai K.-J., He X.-L., and Peng G.-Z., as well as 
by Dong Z.-M., P. J. Currie, Zhao X.-J., and other participants in 


43.1. VILOYATI LENINOBOD, 46.3. GUJARAT, INDIA 
TADZHIKISTAN 1 


RP 


. Unnamed unit (Romanovsky 1882; 
Lockley et al. 1996c) 
Theropod tracks 
Age: Bathonian (Lockley et al. 1996c) 


et al. 1999) 
Dinosauria indet. 


1999) 
43.2. SOUTHWESTERN TADZHIKISTAN 2 
(NO OBLAST-LEVEL DIVISION EXISTS 
FOR THIS REGION) 


1. Zarbiz Svita (Novikov and Dzhalilov 1993) 


Sauropoda indet. 
Dinosaur eggs 


Age: Aalenian-Bathonian 
(Satyanarayana et al. 


. Patcham Formation (Ghevariya and 
Srikarni 1994; Jana and Das 2002) 


the Sino-Canadian Dinosaur Project. Although known only 
from a brief mention by Wang S. and collaborators, the Xinjiang 
Uygur Zizhiqu fauna is yielding new and important Middle 
Jurassic dinosaur material. Farther to the west in Tadzikistan 
and Uzbekistan, L.K. Gabuniya, M.G. Lockley, and V. P. 
Novikov have recorded several new important ichnofaunas. 


Age: Callovian (Jana and Das 2002) 


. Kaladongar Formation (Satyanarayana 


48.1. XINJIANG UYGUR ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


. Dapuka Group (Wang et al. 1985; Zhao 
unpubl. data) 
Theropoda 
Ceratosauria 
Ngexisaurus dapukanensis 
?Tetanurae 
?Megalosaurus cachuensis 


BR 


?Euornithopod tracks Age: Bathonian (Jana and Das 2002) Undescribed sauropod 
Age: Callovian-Oxfordian (Novikov 3. Chari Formation (Jana and Das 2002) Undescribed ?stegosaur 
et al. 1993) Sauropoda indet. Age: Middle Jurassic (Wang et al. 1985) 
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48.2. SICHUAN, PEOPLE’S REPUBLIC 
OF CHINA 


1. Lower Shaximiao Formation (He 1979; 
Dong et al. 1983; He and Cai 1984; He 
et al. 1984; Zhang et al. 1984; Dong and 
Tang 1985; Ouyang 1989; Peng and Shu 
1992; Gao 1993; Zhang and Chen 1996) 
Theropoda 

Tetanurae 
Xuanhanosaurus qilixiaensis 
“Szechuanosaurus” zigongensis 
Tetanurae incertae sedis 
Kaijiangosaurus lini 
Tetanurae indet. 
(=Chuandongocoelurus 
primitivus) 
Avetheropoda incertae sedis 
Gasosaurus constructus 
Sauropoda 
Eusauropoda 
Shunosaurus lii 
Omeisaurus junghsiensis 
Omeisaurus tianfuensis 
Mamenchisaurus fuxiensis 
Macronaria 
Abrosaurus dongpoi 
Sauropoda incertae sedis 
Datousaurus bashanensis 
Sauropoda indet. (including 
Protognathosaurus oxyodon, 
Omeisaurus Iuoquanensis) 


South America 


Ornithischia 
Ornithischia indet. (= Xiaosaurus 
dashanpensis) 
Stegosauria 
Huayangosaurus taibaii 
Ornithopoda 
Euornithopoda 
Agilisaurus louderbacki 
Agilisaurus multidens 
Yandusaurus hongheensis 
Age: Bathonian-Callovian (Dong and 
Tang 1984); Bajocian (Chen 
et al. 1982) 


48.3. YUNNAN, PEOPLE’S REPUBLIC 
OF CHINA 


RP 


. Chuanjie Formation (Fang et al. 2000) 
(not plotted) 
Sauropoda incertae sedis 
Chuanjiesaurus anaensis 
Age: early Middle Jurassic (Fang et al. 
2000) 


48.5. XINJIANG UYGUR ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


1. Wucaiwan Formation (Dong 1990a, 
1992; Zhao 1993; Zhao and Currie 
1993) 

Theropoda 
Carnosauria 
Monolophosaurus jiangi 


Work by A. Cabrera, R. M. Casamiquela, and, most recently, by 
J. F. Bonaparte, R. A. Coria, and O. Gimenez has introduced a 
few Middle Jurassic sites in South America. These are restricted 
to northern Chile and southern Argentina (fig. 24.9). 


62.1. PROVINCIA DE ANTOFAGASTA, CHILE 63.4. PROVINCIA DE CHUBUT, 


1. Unnamed unit (Biese 1961; Casamiquela ARGENTING: 
1967a) 
Theropoda indet. 


Age: early Callovian (Biese 1961) 


1. Cerro Carnerero Formation (Cabrera 
1947; Casamiquela 1963) 
Sauropoda 
Eusauropoda incertae sedis 
Amygdalodon patagonicus 
Age: Bajocian (Bonaparte 1979a) 

. La Matilde Formation (Casamiquela 2. Cafiodon Asfalto Formation (Bonaparte 
1964b, 1987) 1979b, 1986c; Coria 1989; Gimenez 
Theropod tracks 1996; Rich et al. 1999b; Rauhut et al. 
Age: early-middle Callovian 2001) 

(Casamiquela 1987) Theropoda 


63.3. PROVINCIA DE SANTA CRUZ, 
ARGENTINA 


a 


Africa 


Six Middle Jurassic dinosaur locations are known from Africa 
(figs. 24.10 and 24.11): five in Morocco and Algeria from the 
early work of A. F. de Lapparent and the continuing studies of 
S. Ishigaki, M. Monbaron, P. Taquet, and one in Madagascar from 
the research of J. J. Flynn and collaborators. 


64.3. PROVINCE DE BENI MELLAL, 


Sauropoda 
MoRIOCS Macronaria 
1. Guettioua Sandstone (Monbaron and Atlasaurus imelakei (= Cetiosaurus 
Taquet 1981; Monbaron et al. 1999) mogrebiensis) 


542 DINOSAUR DISTRIBUTION AND BIOLOGY 


Sauropoda 
Sauropoda incertae sedis 
Klamelisaurus gobiensis 
Macronaria 
Bellusaurus sui 
Stegosauria indet. 
Ankylosauria indet. 
Ornithopoda indet. 
Age: Middle Jurassic (Zhao 1993) 
2. Toutunhe Formation (Dong 1993d; 
Maisch et al. 2003) 
Theropoda 
Ceratosauria indet. 
Carnosauria indet. 
?Thyreophora indet. 
Ankylosauria indet. (= Tianchiasaurus 
nedegoaperferima) 
Age: Bathonian-Callovian (Eberth 
et al. 2001a) 


48.6. SHAANXI, PEOPLE’S REPUBLIC 
OF CHINA 


1. Lower Chiloo Group (Zhen et al. 1989) 
Theropod tracks 
Age: Middle Jurassic (Zhen et al. 1989) 


48.7. JILIN, PEOPLE’S REPUBLIC 
OF CHINA 
1. Unnamed unit (Zhen et al. 1989) 
Theropod tracks 
Age: Middle Jurassic (Zhen et al. 1989) 


Tetanurae 
Piatnitzkysaurus floresi 
Undescribed coelurosaurian 
Theropod tracks 
Sauropoda 
Sauropoda incertae sedis 
Volkheimeria chubutensis 
Eusauropoda 
Tehuelchesaurus benitezii 
Cetiosauridae 
Patagosaurus fariasi 
Undescribed sauropod 
Age: Callovian (Bonaparte 1986c) 


Age: late Bathonian (Monbaron 
and Taquet 1981; 
Monbaron et al. 
1999) 


2. Unnamed unit (Bourcart et al. 1942; 
Monbaron 1978; Debénath et al. 1979; 
Taquet 1985) 

Sauropoda 
?Cetiosauridae indet. 
Age: Bathonian (Taquet 1985) 


64.4. PROVINCE DE FES, MOROCCO 
1. Unnamed unit (Lapparent and Lavocat 
1955) 
?Theropoda indet. (= Megalosaurus 
mersensis; may be teleosaurid 
crocodilian; Chabli 1985) 
Sauropoda indet. (= Cetiosaurus 
mogrebiensis) 


Australasia 


Age: late Bathonian (Monbaron and 
Taquet 1981) 


64.5. PREFECTURE DE AZILAL, 
MOROCCO 


PR 


. louaridéne Formation (Ishigaki 1985, 
1989) 
Theropod tracks 
Sauropod tracks 
Age: Bathonian (Ishigaki 1995) 


65.2. WILAYA TLEMCEN, ALGERIA 


1. Unnamed unit (Lapparent and Lucas 
1957) 
Sauropoda indet. 


Age: middle Callovian (Lapparent and 
Lucas 1957) 


83.2. FARITANY MAJUNGA, 
MADAGASCAR 


R 


. Isalo III Formation (Taquet 1977; 
Bonaparte 1986b; Flynn et al. 1997) 
Theropoda 

?Allosauroidea indet. 
Sauropoda 
Titanosauriformes 
Lapparentosaurus madagascariensis 
Sauropoda indet. (= Bothriospondylus 
madagascariensis) 
Age: Bathonian (Taquet 1977) 


Australasian dinosaur remains from the Middle Jurassic are 
known from only four locations found in Australia, one in West- 
ern Australia described by J. A. Long and three in Queensland 


known through the research of R. E. Molnar (fig. 24.12). 


84.1. QUEENSLAND, AUSTRALIA 


1. Hutton Sandstone Formation 
(Longman 1926, 1927; Long 1998) 
Sauropoda incertae sedis 

Rhoetosaurus brownei 
Age: Bajocian (Long 1998) 

2. Walloon Group (Molnar 1982) 

Theropod tracks 


?Stegosaur tracks 

Euornithopod tracks 

Age: Middle Jurassic (Molnar 1982) 
3. Unnamed unit (Molnar 1982; Long 

1998) 

Theropod tracks 

Age: Middle Jurassic (Molnar 

1982) 


84.2. WESTERN AUSTRALIA, AUSTRALIA 
1. Colalura Sandstone (Long 1992, 1998; 

Long and Molnar 1998) 

Theropoda 

Avetheropoda incertae sedis 
Ozraptor subotaii 
?Sauropoda indet. 
Age: Bajocian (Long 1992) 


Late Jurassic 


More than any other interval of dinosaur history, the Late Ju- 
rassic represents the public’s conception of dinosaur life: long- 
necked sauropods, predatory theropods like Allosaurus, and 
low-browsing stegosaurs and camptosaurs. These animals and 
their relatives are known more extensively—from nearly 120 


North America 


Of the 12 North American locations known for the Upper Ju- 
rassic, all but three are known from the Western Interior of the 
United States and are restricted to the Morrison Formation (figs. 
24.1, 24.3, and 24.13). Our knowledge of the Morrison fauna is 
derived from the often arduous work of North America’s pio- 
neers in vertebrate paleontology. Names such as J. B. Hatcher, 
O. C. Marsh, and S. W. Williston; and E. D. Cope; E. Douglass 
and C. W. Gilmore; H. F. Osborn and B. Brown; E. S. Riggs; and 
J. W. Stovall are intimately associated with the exploitation of 


locations—during the Late Jurassic than previously, particularly 
in North America but also in Europe, Asia, South America, and 
Africa. There is no present record of Late Jurassic dinosaurs in 
Australasia or Antarctica. 


the Upper Jurassic fossil fields of the western United States (see 
Ostrom and McIntosh 1966 and Colbert 1968 for the history of 
dinosaur discoveries in the Morrison Formation). Work on Late 
Jurassic dinosaur faunas has continued unabated by a host of in- 
vestigators, among them R. T. Bakker, G. Callison, K. Carpenter, 
D. Chure, P. J. Currie, D. D. Gillette, J. R. Horner, J. A. Jensen, J. I. 
Kirkland, M. G. Lockley, S. G. Lucas, .J. H. Madsen Jr., W. E. Miller, 
W. L. Stokes, and T. E. Williamson. 


I.3. BRITISH COLUMBIA, CANADA 


1. Mist Mountain Formation (Currie 
1989a; McCrea et al. 2001b) 
Theropod tracks (including avialan 
tracks) 
Ornithischian tracks 
Age: late Tithonian-Berriasian (Currie 
1989a) 


3.1. UTAH, UNITED STATES 

1. Morrison Formation (Gilmore 1914a, 
1936; Holland 1915b; Stokes 1944; 
Ellinger 1950; Galton and Jensen 1973b; 
Shepherd et al. 1973; Madsen 1974, 
1976a, 1976b; Galton 1982a, 1983e; 
Berman and McIntosh 1986; Chure and 
Engelmann 1989; Hirsch et al. 1989; 


Barnes and Lockley 1994; Chure 1994; 
Lockley et al. 1994b, 1998c; Bray and 
Hirsch 1998; Chure and Madsen 1998; 
Turner and Peterson 1999; Madsen and 
Welles 2000; Chure in press) 
Theropoda 

Ceratosauria 

Ceratosaurus nasicornis 
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Ceratosaurus dentisulcatus 
Ceratosaurus sp. 
Tetanurae 
Torvosaurus tanneri 
Allosauroidea 
Allosaurus fragilis 
Unnamed Allosaurus species 
Avetheropoda incertae sedis 
Marshosaurus bicentesimus 
Tyrannosauroidea 
Stokesosaurus clevelandi 
Coelurosauria incertae sedis 
Coelurus fragilis 
Ornitholestes hermanni 
?Troodontidae indet. (= Koparion 
douglassi) 
Theropoda indet. 
Theropod tracks 
Sauropoda 
Diplodocidae 
Apatosaurus louisae 
Barosaurus lentus 
Diplodocus longus 
Diplodocus carnegiei 
Diplodocus sp. 
?Diplodocidae indet. 
Brachiosauridae 
Brachiosaurus cf. altithorax 
Camarasauromorpha 
Camarasaurus lentus (including 
C. annae, C. supremus) 
Camarasaurus sp. 
?Haplocanthosaurus sp. 
Sauropoda indet. 
Sauropod tracks 
Ornithischia indet. 
Stegosauria 
Stegosauridae 
Stegosaurus armatus 
(=S. ungulatus) 
Stegosaurus stenops 
2Stegosaurus longispinus 
Stegosaurus sp. 
Stegosauridae indet. 
(= Stegosaurus affinis) 
Stegosaur tracks 
Ornithopoda 
Euornithopoda 
Othnielia rex 
Euornithopod tracks 
Iguanodontia 
Dryosaurus altus 
Camptosaurus dispar 
Camptosaurus sp. 
Dinosaur eggs 
Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 
3.2. ARIZONA, UNITED STATES 
1. Morrison Formation (Lockley et al. 
1996c) 
Theropod tracks 
Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 


3.3. NEW MEXICO, UNITED STATES 
1. Morrison Formation (McIntosh 1981; 


Rigby 1982; Gillette 1987, 1991; Hunt 
and Lucas 1993b; Lucas 1993b; Lucas 


et al. 1996; Williamson and Chure 1996; 
Bray and Lucas 1997; Turner and 
Peterson 1999) 
Theropoda 
Allosauroidea 
Allosaurus fragilis 
Allosauroidea indet. 
Theropod tracks 
Sauropoda 
Camarasauromorpha 
Camarasaurus cf. supremus 
Camarasaurus sp. 
Diplodocidae 
Seismosaurus halli 
Diplodocus carnegiei 
Diplodocus sp. 
Apatosaurus sp. 
Stegosauria 
Stegosauridae 
Stegosaurus sp. 
Ornithopoda 
Iguanodontia indet. 
Dinosaur eggs 
Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 
3.4. COLORADO, UNITED STATES 
. Entrada Sandstone (Eriksen 1979a, 1979b) 
Theropod tracks 
Age: Oxfordian (Hintze 1973) 

2. Morrison Formation (Marsh 1884a, 
1884d; Riggs 1901a, 1901b, 1903a, 
1903b, 1904; Hatcher 1903c; Galton and 
Jensen 1979b; Callison and Quimby 
1984; Jensen 1985a, 1985b; Lockley 
1986a; Lockley et al. 1986, 1994b; 
Bartleson and Jensen 1988; McIntosh 
and Williams 1988; Jensen and Padian 
1989; Britt 1991; Miller et al. 1991; 
Bakker et al. 1992; Alf and Carpenter 
1993; Hirsch 1994; Kirkland and 
Carpenter 1994; Lockley and Hunt 
1995a; Alf 1998; Bray and Hirsch 1998; 
Carpenter and Tidwell 1998; Chin and 
Kirkland 1998; Harris 1998b; Turner and 
Peterson 1999; Madsen and Welles 2000; 
Brill and Carpenter 2001; Chure 2001a) 
Theropoda 

Ceratosauria 
Ceratosaurus nasicornis 
Ceratosaurus magnicornis 
Ceratosaurus sp. 
Elaphrosaurus sp. 
Allosauroidea 
Allosaurus fragilis (including 
Labrosaurus ferox) 
Tetanurae 
Torvosaurus tanneri 
Avetheropoda incertae sedis 
Marshosaurus bicentesimus 
Coelurosauria 
cf. Coelurus sp. 
?Dromaeosauridae (= Palaeopteryx 
thomsoni) 
Theropod tracks 
Sauropoda 
Sauropoda incertae sedis 
“Morosaurus” agilis 
Diplodocoidea incertae sedis 


a 
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Amphicoelias altus 
Diplodocidae 

Diplodocus longus 

Diplodocus lacustris 

Diplodocus sp. 

Barosaurus sp. 

Apatosaurus excelsus (= Brontosaurus 
amplus) 

Apatosaurus ajax 

Apatosaurus sp. 

Supersaurus vivianae (including 
Ultrasauros macintoshi 
partim) 

Brachiosauridae 

Brachiosaurus altithorax 

Brachiosaurus sp. (including 
Ultrasauros macintoshi 
partim) 

Dystylosaurus edwini 

Camarasauromorpha 

Camarasaurus supremus 

Camarasaurus grandis 

Camarasaurus lewisi 

Camarasautrus sp. 

Haplocanthosaurus priscus 

Haplocanthosaurus delfsi 

Sauropoda indet. (= Titanosaurus 
montanus) 
Sauropod tracks 
Ornithischia indet. 
Stegosauria 
Stegosauridae 

Stegosaurus armatus 

Stegosaurus stenops 

Stegosaurus sp. 

Stegosauridae indet. (= Hypsirhophus 
discurus) 

Ankylosauria incertae sedis 
Mymoorapelta maysi 

Ornithopoda 
Euornithopoda 

Othnielia rex 

Euornithopoda indet. (including 
Nanosaurus agilis, Tichosteus 
aequifacies, T. lucasanus) 

Euornithopod tracks 

Iguanodontia 

Dryosaurus altus 

Camptosaurus dispar 

Undescribed iguanodontian 

Dinosaur coprolites 
Dinosaur eggs 
Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 
3.5. TEXAS, UNITED STATES 
1.?Morrison Formation (McIntosh 1981) 
Sauropoda 
Camarasauromorpha 

Camarasaurus sp. 

Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 


3.6. OKLAHOMA, UNITED STATES 


RB 


. Morrison Formation (Stovall 1938; 
Langston 1974; Lockley 1986a; 
Carpenter and McIntosh 1994; Chure 
1996; Turner and Peterson 1999; Madsen 
and Welles 2000) 


Theropoda 
Allosauroidea 
Allosaurus fragilis 
Saurophaganax maximus 


Theropoda indet. (= Ceratosaurus sp.) 


Sauropoda 
Camarasauromorpha 
Camarasaurus sp. 
Diplodocidae 
Apatosaurus excelsus 
Apatosaurus sp. 
Sauropod tracks 
Stegosauria 
Stegosauridae 
Stegosaurus sp. 
Ornithopoda 
Iguanodontia 
Camptosaurus dispar 
Euornithopod tracks 


Age: Kimmeridgian-Tithonian (Kowallis 


et al. 1998) 
3.11. MONTANA, UNITED STATES 
1. Morrison Formation (McIntosh 1981; 
Horner 1989; Curry 1994; Turner and 
Peterson 1999) 
Sauropoda 
Diplodocidae 
Diplodocus sp. 
Diplodocidae indet. 
Camarasauridae 
Camarasaurus grandis 
Camarasaurus sp. 
Sauropoda indet. 
Ornithischia indet. 
Stegosauria 
Stegosauridae indet. 


Age: Kimmeridgian-Tithonian (Kowallis 


et al. 1998) 
3.12. WYOMING, UNITED STATES 
1. Morrison Formation (Marsh 1878a, 
1878b; Mook 1917a; Brown 1935; 


Ostrom and McIntosh 1966; Galton 
1982c; Bakker et al. 1992; Filla and 


Europe 


Redman 1994; Bakker 1996, 1998a, 


1998b; McIntosh et al. 1996a; Makovicky 


1997a; Carpenter et al. 1998, 2001b; 
Kirkland et al. 1998c; Lockley et al. 
1998c; Miles et al. 1998; Britt et al. 1999; 
Turner and Peterson 1999) 
Theropoda 
Ceratosauria 
Ceratosaurus sp. (including 
Labrosaurus sulcatus) 
Tetanurae 
Torvosaurus tanneri (= Edmarka rex) 
Tetanurae indet. (= Coelurus 
gracilis) 
Allosauroidea 
Allosaurus fragilis (including 
Labrosaurus lucaris) 
Coelurosauria incertae sedis 
Coelurus fragilis 
Ornitholestes hermanni 
Theropod tracks 
Sauropoda 
Sauropoda incertae sedis 
“Apatosaurus” minimus 
Camarasauromorpha 
Camarasaurus grandis 
Camarasaurus supremus 
Camarasaurus lentus 
?Eobrontosaurus yahnahpin 
cf. Haplocanthosaurus priscus 
Diplodocidae 
Diplodocus carnegiei 
Diplodocus hayi 
Diplodocus sp. 
Apatosaurus excelsus 
Apatosaurus sp. 
Sauropod tracks 
Stegosauria 
Stegosauridae 
Hesperosaurus mjosi 
Stegosaurus armatus (= S. ungulatus) 
Stegosaurus stenops 
Stegosaurus longispinus 
Stegosaurus sp. 
Stegosauria tracks 


Ankylosauria 
Ankylosauridae 
Gargoyleosaurus parkpini 
Undescribed ankylosaurian 
Ornithopoda 
Euornithopoda 
Othnielia rex 
Drinker nisti 
Euornithopoda indet. 
(= Nanosaurus agilis, 
Laosaurus celer) 
Iguanodontia 
Dryosaurus altus 
Camptosaurus dispar 
Camptosaurus amplus 
?Camptosaurus cf. depressus 
Iguanodontia tracks 
Dinosaur eggs 
Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 


3.15. SOUTH DAKOTA, UNITED STATES 
1. Morrison Formation (Marsh 1899; Lull 
1919; Foster 1996; Turner and Peterson 
1999) 
Theropoda 
Allosauroidea 
Allosaurus fragilis 
Theropod tracks 
Sauropoda 
Camarasauromorpha 
Camarasaurus sp. 
Diplodocidae 
Apatosaurus sp. 
Barosaurus lentus 
Age: Kimmeridgian-Tithonian (Kowallis 
et al. 1998) 
3.33. ALASKA, UNITED STATES 
1. Naknek Formation (Rich et al. 
1997) 
Theropod tracks 
Age: middle Kimmeridgian-late 
Tithonian (Imlay 1952; 
Rich et al. 1997) 


Abundant yet scattered locations pertaining to the Late Jurassic 
are known throughout Europe (64 locations, an increase of 
42%; fig. 24.15). English faunas were originally revealed by J. W. 
Hulke, A. Leeds, R. Lydekker, R. Owen, H. G. Seeley, and, most 
recently, J. B. Delair and P. M. Galton. A. Bidar and co-workers, 
E. Buffetaut, J. Kriwet, J.-M. Mazin, F. Nopcsa, and E. Sauvage, 
among others, have been the principal researchers on the Late 
Jurassic faunas of France. Late Jurassic Portuguese dinosaurs has 
been investigated by W. G. Kuhne, A. F. de Lapparent, M. Telles 


Antunes, R. A. Thulborn, and G. Zbyszewski as well as a host of 
current workers who have documented a rich track and skeletal 
record, including P. Dantas, V. F. dos Santos, M. G. Lockley, 
O. Mateus. O. W. M. Rauhut, and J. Zinke. Thanks to C. A. Meyer, 
the dinosaurs of the Late Jurassic from Switzerland are becom- 
ing well known, and particularly their track record. Finally, the 
Late Jurassic dinosaurs of Germany are known through the work 
of H. Friese, M. Kaever, and A. F. de Lapparent. 


10.4. NORTH YORKSHIRE, ENGLAND 


1. Corallian Oolite Formation (Fox- 
Strangways 1892; Galton 1985c) 
Theropoda indet. (= Megalosaurus 

bucklandii) 
Stegosauria 
Stegosauridae indet. (=Omosaurus 
phillipsi) 


Age: early-middle Oxfordian (Cope et al. 
1980a) 


2.?Lower Calcareous Grit (Seeley 1875; 


Galton 1980e) 
Ankylosauria 
Nodosauridae indet. (= Iguanodon 
phillipsii) 
Age: ?early Oxfordian (Cope et al. 1980a) 


10.7. DORSET, ENGLAND 


1. Corallian Oolite Formation (Lydekker 
1890a; Huene 1923; Delair 1959; Walker 
1964; Galton 1983e; Benton and Spencer 
1995) 

Theropoda 
Tetanurae incertae sedis 
Metriacanthosaurus parkeri 
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?Theropoda indet. (=?Cryptodraco sp.) 
Age: early-middle Oxfordian (Cope et al. 
1980a) 

2. Kimmeridge Clay (Hulke 1874a; 
Hoffstetter 1957; Galton 1975; H. P. 
Powell 1987; Brokenshire and Clarke 
1994; Benton and Spencer 1995; Galton 
1999b; Upchurch, pers. comm.) 
Theropoda 

Undescribed theropod 
Ornithomimidae indet. 
Theropoda indet. (= Megalosaurus 
sp.) 
Sauropoda 
Unnamed brachiosaurid 
(= “Cetiosaurus” 
humerocristatus) 
Sauropoda indet. (= Ischyrosaurus 
manseli, Cetiosaurus sp., 
Ornithopsis leedsi) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Stegosauridae indet. 
Ornithopoda 
Euornithopoda indet. 
(=cf. Bugenasaura sp.) 
Age: Kimmeridgian (Cope et al. 
1980a) 

3. Portland Stone (Delair 1958, 1991, 
1993) 

Theropoda indet. (= Megalosaurus sp.) 

Sauropoda indet. (= Ornithopsis sp.) 

Age: late Tithonian (= middle 
Portlandian; Cope et al. 
1980a) 


10.9. CAMBRIDGESHIRE, ENGLAND 


1. Ampthill Clay (Seeley 1869; Galton 
1980c) 
Ankylosauria indet. (= Cryptosaurus 
eumerus) 
Age: late Oxfordian (Cope et al. 1980a) 
2. Kimmeridge Clay (Seeley 1869; Lydekker 
1889b, 1890a; Galton 1985c; Benton 
and Spencer 1995; Upchurch, pers. 
comm.) 
Sauropoda indet. (= Gigantosaurus 
megalonyx, Ornithopsis sp.) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Age: Kimmeridgian (Cope et al. 1980a) 


IO.II. OXFORDSHIRE, ENGLAND 


1. Corallian Oolite Formation (Benton and 
Spencer 1995) 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda indet. (= Cetiosaurus sp.) 
Age: early-middle Oxfordian (Cope et al. 
1980a) 
2. Kimmeridge Clay (Galton and Powell 
1980) 
Ornithopoda 
Iguanodontia 
Camptosaurus prestwichii 
Age: Kimmeridgian (Cope et al. 
1980a) 
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3. Portland Stone (Phillips 1871; 


Delair 1993; Benton and Spencer 

1995) 

Sauropoda indet. (= Cetiosaurus longus, 
C. ?longus, C. sp.) 

Age: early Tithonian (= early 
Portlandian; Cope et al. 
1980b) 


10.13. BUCKINGHAMSHIRE, ENGLAND 


1. 


Portland Stone (Delair 1993) 

Sauropoda indet. (= Cetiosaurus longus) 

Age: early Tithonian (= early 
Portlandian; Cope et al. 
1980b) 


2. Purbeck Limestone Formation 


(Huddleston 1887; Lydekker 1893b; 

Woodward 1895; Delair 1993; Benton 

and Spencer 1995; Norman and Barrett, 

2003) 

Theropoda indet. (= Megalosaurus sp.) 

Sauropoda indet. (= Pelorosaurus 
humerocristatus) 

Ornithopoda 

Iguanodontia indet. 

Age: Tithonian (Allen and Wimbledon 

1991) 


10.14. WILTSHIRE, ENGLAND 


I. 


N 


Kimmeridge Clay (Owen 1877a, 1877b; 
Galton 1975, 1980c, 1980d, 1985c; 
Taylor et al. 1993; Upchurch, 
pers. comm.) 
Theropoda indet. (=?Megalosaurus 
insignis) 
Sauropoda indet. (= Bothriospondylus 
suffosus) 
Thyreophora indet. 
Stegosauria 
Stegosauridae 
Dacentrurus armatus (including 
Omosaurus armatus, 
O. hastiger) 
Stegosauridae indet. 
Ankylosauria 
Nodosauridae indet. 
Age: early Kimmeridgian (Cope et al. 
1980a) 


. Portland Stone (Delair 1993; Benton and 


Spencer 1995) 
Theropoda indet. (= Megalosaurus 
sp.) 
Sauropoda indet. (= Camarasaurus sp., 
Diplodocus sp.) 
Ornithischia incertae sedis 
Echinodon sp. 
Ornithischia indet. 
Undescribed thyreophoran 
Stegosauria indet. 
Ankylosauria 
Nodosauridae indet. 
Age: early Tithonian (= early 
Portlandian; Cope et al. 
1980b) 


10.15. NORFOLK, ENGLAND 


1. 


Kimmeridge Clay (Benton and Spencer 
1995) 
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?Sauropoda indet. (=?Ornithopsis sp.) 
Age: Kimmeridgian (Cope et al. 1980a) 


10.16. BERKSHIRE, ENGLAND 


1. Corallian Oolite Formation (Benton and 
Spencer 1995) 
Undescribed dinosaur 
Age: early-middle Oxfordian (Cope et al. 

1980a) 


14.2. DEPARTEMENT DE LA HAUTE-MARNE, 
FRANCE 
. Unnamed unit (Buffetaut 1990; 
Buffetaut et al. 1991) 
Sauropoda indet. (=?Camarasauridae 
indet.) 
Age: late Tithonian (Buffetaut et al. 
1991) 


a 


14.4. DEPARTEMENT DU DOUBS, FRANCE 
1. Unnamed unit (Buffetaut 1995b) 


Theropoda indet. 
Age: Oxfordian (Buffetaut 1995b) 


14.5. DEPARTEMENT DU JURA, FRANCE 


1. Unnamed unit (Lapparent 1943; Enay 
1980) 
Theropoda indet. (=?Megalosaurus 
insignis) 
Sauropoda indet. (=?Bothriospondylus 
madagascariensis) 
Age: late Oxfordian (Buffetaut 1988) 


14.6. DEPARTEMENT DE L’AIN, FRANCE 
1. Calcaires Lithographiques de Cerin 
(Bernier 1984; Bernier et al. 1984) 

Theropod tracks 


Age: late Kimmeridgian (Bernier 1984; 
Bernier et al. 1984) 


14.8. DEPARTEMENT DU VAR, FRANCE 
1. Lithographic Limestone (Bidar et al. 
1972) 
Theropoda 
Compsognathidae 
Compsognathus longipes 
(=C. corallestris) 
Age: late Tithonian (Buffetaut et al. 
1991) 


14.17. DEPARTEMENT DU CALVADOS, 
FRANCE 
1. Unnamed unit (Douville 1885; 
Lapparent 1967) 
Theropoda indet. (= Streptospondylus 
cuvieri) 
Age: Kimmeridgian (Buffetaut et al. 
1991) 
2. Les Sables de Glos (Buffetaut et al. 
1985c) 
Theropoda indet. 
Sauropoda indet. (=?Camarasauridae 
indet.) 
Age: late Oxfordian (Buffetaut et al. 
1985c) 
3. Unnamed unit (Buffetaut et al. 1991) 
Theropoda indet. 
Age: Oxfordian (Buffetaut et al. 1991) 


14.19. DEPARTEMENT DE LA CHARENTE- 
MARITIME, FRANCE 
1. Unnamed unit (Lapparent and Oulmi 
1964) 
Theropoda indet. (= Megalosaurus sp.) 
Age: late Tithonian (= Portlandian; 
Lapparent 1967) 
2. Unnamed unit (Lapparent and Oulmi 
1964) 
Theropod tracks 
Age: late Tithonian (Lapparent and 
Oulmi 1964; Buffetaut et al. 
1991) 


14.20. DEPARTEMENT DE LA CHARENTE, 
FRANCE 


BR 


. Unnamed unit (Vignaud et al. 1994; 
Le Loeuff et al. 1996) 
Theropoda indet. 
Sauropoda indet. (= Camarasauridae 
indet.) 
Age: Tithonian (Le Loeuff et al. 1996) 


14.21. DEPARTEMENT DE LA SEINE- 
MARITIME, FRANCE 
. Argiles d’Octeville (Nopcsa 1911b; 
Lapparent 1967; Galton and Boiné 1980; 
Galton 1991) 
Sauropoda indet. (= Pelorosaurus sp.) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus (= D. lennieri) 
Age: late Kimmeridgian (Buffetaut et al. 
1991) 
2. Unnamed unit (Eudes-Deslongchamps 
1870; Buffetaut et al. 1991) 
Theropoda indet. (= Megalosaurus 
insignis) 
?Sauropod indet. 
Age: early Kimmeridgian (Buffetaut et al. 
1991) 
3. Marnes de Bléville (Buffetaut and 
Cacheleux 1997) 
Ornithopoda 
Iguanodontia 
Dryosaurus sp. 
Age: early Kimmeridgian (Rioult 1980) 


R 


14.22. DEPARTEMENT DU PAS-DE-CALAIS, 
FRANCE 


1. Unnamed unit (Sauvage 1888, 1897; 
Galton and Powell 1980; Buffetaut and 
Martin 1993) 

Theropoda 
?Ceratosauria 
?Elaphrosaurus sp. 

Theropoda indet. (including 
?Megalosaurus insignis, 
Teinurosaurus sauvagei) 

Sauropoda indet. (= Iguanodon praecursor, 
Morinosaurus typus) 
Ornithopoda 

Iguanodontia indet. 

Age: Kimmeridgian (Galton 1982c; 
Buffetaut et al. 1991) 

2. Argiles de Chatillon Formation (Buffetaut 

and Martin 1993; Buffetaut 1995b) 


Theropoda indet. 

Sauropoda indet. 

?Stegosauria indet. 

Age: late Kimmeridgian (Buffetaut 
1995b) 

3. Unnamed unit (Cuny et al. 1991) 

Theropoda indet. 

Sauropoda indet. (Pelorosaurus sp.) 

Ankylosauria indet. (=?Nodosauridae 
indet.) 

Ornithopoda indet. 

Age: late Tithonian (Cuny et al. 1991) 
4. Sables et Grés a Trigonia gibbosa (Bonte 
et al. 1985; Cuny et al. 1991; Buffetaut 
and Martin 1993; Buffetaut 1995b) 

Theropoda 
Tetanurae 
Megalosaurus sp. 
Theropoda indet. 
Sauropoda indet. (= Neosodon sp.) 
?Ornithischia indet. 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Iguanodontia indet. (= Camptosaurus 
cf. prestwichii) 
Age: late Tithonian (Cuny et al. 1991) 
5. Unnamed unit (Sauvage 1876b; 
Moussaye 1884; Lapparent 1967; 
Buffetaut et al. 1991) 
Theropoda indet. (including 
Megalosaurus insignis, 
M. oweni) 
Sauropoda indet. (= “Cetiosaurus” 
humerocristatus) 
Ornithopoda 
Iguanodontia 
Camptosaurus cf. prestwichii 
Age: late Tithonian (Buffetaut et al. 
1991) 


14.23. DEPARTEMENT DE LA SARTHE, 
FRANCE 
. Sables de Cherré (Bigot 1904; Buffetaut 
et al. 1991) 
Sauropoda indet. 
Age: late Oxfordian (Buffetaut et al. 
1991) 


R 


14.24. DEPARTEMENT DE LA VIENNE, 
FRANCE 


RB 


. Unnamed unit (Lapparent 1967; dubious 
occurrence) 
Theropoda indet. (= Megalosaurus sp.) 
Age: Oxfordian (Lapparent 1967) 


14.25. DEPARTEMENT DE LA NIEVRE, 
FRANCE 
1. Unnamed unit (Lapparent 1967) 
?Theropoda indet. (= Megalosaurus sp.; 
may be sauropterygian; 
Buffetaut et al. 1991) 
Age: Kimmeridgian (Lapparent 1967) 


14.26, DEPARTEMENT DE LA MEUSE, 
FRANCE 


1. Unnamed unit (Huene and Maubeuge 
1954; Galton and Powell 1980) 


Theropoda indet. 
Sauropoda indet. 
Ornithopoda 
Iguanodontia indet. 
Age: late Oxfordian (Buffetaut et al. 
1991) 


14.27. DEPARTEMENT DU LOT, FRANCE 
1. Unnamed Unit (Mazin et al. 1997) 
Theropod tracks 
Sauropod tracks 
Euornithopod tracks 
Age: early Tithonian (Mazin et al. 1997) 


15.1. PROVINCIA DE SORIA, SPAIN 


1. Oncala Group (Aguirrezabala and Viera 
1980, 1983; Sanz et al. 1992; Sanz Pérez 
1993; Casanovas-Cladellas et al. 1995c; 
Fuentes Vidarte 1996; Moratalla 2000b, 
2000d, 2000f, 2000h) 

Theropod tracks (including avialan 
tracks) 

Sauropoda 

Sauropoda indet. 

Sauropod tracks 

Ornithopoda 

Euornithopoda 

Hypsilophodon sp. 

Euornithopod tracks 

Age: Tithonian-Berriasian (Wright et al. 
1998) 


15.2. PROVINCIA DE ASTURIAS, SPAIN 


1. Lastres Formation (Egozcue 1873; 
Garcia-Ramos and Valenzuela 1977, 
1981; Mensink and Mertmann 1984; 
Valenzuela et al. 1988; Lires 2000; Lires 
et al. 2000, 2001a; Martinez et al. 2000a, 
2000b, 2001; Pifuela 2000; Garcia- 
Ramos et al. 2001) 

Theropoda indet. (including 
Megalosaurus sp.) 
Theropod tracks (including ?avialan 
tracks) 
Sauropoda 
Camarasauridae indet. 
?Diplodocidae indet. 
Sauropod tracks 
Thyreophoran tracks 
Euornithopod tracks 
Age: Kimmeridgian (Garcia-Ramos and 
Valenzuela 1981) 

2. Terenes Formation (Garcia-Ramos et al. 

2001; Lires et al. 2001b) 

Theropod tracks 

Sauropod tracks 

Euornithopod tracks 

Age: Kimmeridgian (Martinez et al. 
2001) 

. Vega Formation (Lires 2000; Martinez 
et al. 2000b, 2000c, 2001; Pifuela 
2000) 

Theropoda indet. (including 
Megalosaurus sp.) 
Theropod tracks 
Sauropoda 
?Camarasauridae indet. 
Sauropod tracks 


w 
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Age: Kimmeridgian (Martinez et al. 
2000c) 
4. Unnamed unit (Royo y Gomez and 
Gomez Llueca 1927) 
Dinosauria indet. 
Age: Kimmeridgian (Martinez et al. 
2001) 


15.3. PROVINCIA DE VALENCIA, SPAIN 


1. Unnamed unit (Lapparent et al. 1965) 
?Theropod tracks 
Age: Kimmeridgian (Lapparent et al. 
1965) 
2. Unnamed unit (Casanovas et al. 2001) 
Sauropoda 
Diplodocoidea incertae sedis 
Losillasaurus giganteus 
Age: Late Jurassic-Early Cretaceous 
(Casanovas et al. 2001) 


15.4. PROVINCIA DE TERUEL, SPAIN 


1. Higueruelas Formation (Pérez-Lorente 
and Romero-Molina 2001) 

Theropod tracks 
Age: Tithonian (Pérez-Lorente and 
Romero-Molina 2001) 

2. Higueruelas or Villar del Arzobispo 
Formation (Blanco et al. 2000) 
Sauropod tracks 
Age: Tithonian (Blanco et al. 2000) 

3. Villar del Arzobispo Formation (Pérez 
Onata et al. 1994; Alcala and Martin 
1995; Canudo et al. 1996c, 1997; Ruiz 
Omeniaca et al. 1998a, 1998b; Barco 
1999; Canudo et al. 1999; Barco and 
Ruiz-Omenaca 2001; Pérez-Lorente and 
Romero-Molina 2001; Pérez-Lorente 
et al. 2001) 

Theropoda 
Theropoda indet. 
Coelurosauria indet. 
Sauropoda 
Diplodocidae indet. 
Sauropoda indet. 
Sauropod tracks 
Ornithopoda 
Euornithopod tracks 
Age: Tithonian-Berriasian (Cuenca- 
Bescos et al. 1999a, 1999b; 
Pérez-Lorente and Romero- 
Molina 2001) 


16.1. DISTRITO DO LEIRIA, PORTUGAL 


1. Camadas de Montejunto or Cabacos 
(Lapparent and Zbyszewski 1957) 
Theropoda 

Tetanurae indet. (=?Megalosaurus 
insignis) 
Age: middle-late Oxfordian (Manuppela 
et al. 2000) 

2. Camadas de Montejunto (Lapparent 
and Zbyszewski 1957; Lockley et al. 
1998b) 

Theropoda indet. (= Megalosaurus 
insignis) 

Theropod tracks 

Age: late Oxfordian (Manuppela et al. 
2000) 


3. Camadas de Alcobac¢a (Sauvage 1897-98; 
Lapparent and Zbyszewski 1957; 
Pérez-Moreno et al. 1999; Mateus, 
pers. comm.) 

Theropoda 
Allosauroidea 
Allosaurus sp. 
Sauropoda indet. 
Stegosauria 
?Stegosauridae indet. (= Iguanodon 
prestwichi) 
Dinosaur tracks 
Age: Kimmeridgian (Manuppela et al. 
2000) 

4. Camadas de Guimarota (Thulborn 
1973a; Zinke and Rauhut 1994; Weigert 
1995; Zinke 1998; Carpenter 1999; 
Rauhut 2001, 2003; Mateus, 
pers. comm.) 

Theropoda 
Ceratosauria indet. 
?Allosauroidea indet. 
Compsognathidae 
Compsognathus sp. 
Tyrannosauroidea 
Aviatyrannus jurassica 
Stokesosaurus sp. 
Tyrannosauridae indet. 
Maniraptora incertae sedis 
cf. Ricardoestesia sp. 
?Troodontidae indet. (including cf. 
Paronychodon sp.) 
Dromaeosauridae indet. 
Avialae 
Archaeopterygidae 
Archaeopteryx sp. 
Sauropoda indet. (including 
?Bothriospondylus sp.) 
Ornithopoda 
Euornithopoda indet. (= Phyllodon 
henkeli) 
Iguanodontia indet. 
Dinosaur eggs 
Age: Kimmeridgian (Schudack 2000) 

5. Unidade Amoreira-Porto Novo 
(Lapparent and Zbyszewski 1957; 
Mateus, pers. comm.) 

Theropoda 
Carnosauria 
Lourinhanosaurus antunesi 
Theropoda indet. 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Sauropoda indet. 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Dacentrurus sp. 
Ornithopoda indet. 
Age: late Kimmeridgian-Tithonian 
(Manuppela et al. 2000) 
6. Unidade Sobral (Mateus, pers. comm.) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Ornithopoda 
?Dryosauridae indet. 
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Age: late Kimmeridgian-Tithonian 
(Manuppela et al. 2000) 
7. Unidade Bombarral (Sauvage 1897; 
Lapparent and Zbyszewski 1957; 
Mateus, pers. comm.) 
Theropoda 
Tetanurae 
Torvosaurus sp. 
Theropoda indet. (including 
Megalosaurus insignis) 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Brachiosauridae 
Brachiosaurus atalaiensis 
Sauropoda indet. (including 
Pelorosaurus 
humerocristatus) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Stegosauridae indet. (= Dacentrurus 
armatus) 
Age: Tithonian (Manuppela et al. 2000) 
8. Arranho unit (Lapparent and 
Zbyszewski 1957) 
Theropoda indet. (including 
Megalosaurus pombali) 
Age: Tithonian (Leinfelder 1993) 


16.3. DISTRITO DO COIMBRA, PORTUGAL 


1. Unnamed unit (Gomes 1916; Lapparent 
et al. 1951) 
Theropod tracks 
Age: middle-late Oxfordian (Manuppela 
et al. 2000) 


16.4. DISTRITO DO LISBOA, PORTUGAL 


1. Camadas de Alcobaca (Lapparent and 
Zbyszewski 1957; Thulborn 1973a; 
Galton 1980a, 1980b, 1994; Dantas et al. 
1992; Bonaparte and Mateus 1999; 
Mateus 1999; Pérez-Moreno et al. 1999; 
Mateus and Antunes 2000) 
Theropoda 

Ceratosauria 
Ceratosaurus sp. 
Theropoda indet. (including 
Megalosaurus insignis) 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Brachiosauridae incertae sedis 
Brachiosaurus atalaiensis 
Diplodocoidea incertae sedis 
Dinheirosaurus lourinhanensis 
Sauropoda indet. 
Ornithischia indet. (including 
Trimucrodon cuneatus) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Stegosauridae indet. 
Ornithopoda 
Euornithopoda 
Hypsilophodon sp. 
Euornithopoda indet. 
Dinosaur eggs 


oe 


— 


a 


Age: Kimmeridgian (Manuppela et al. 
2000) 


. Unnamed unit (Mateus and Antunes 


2001) 
Ornithopod tracks 
Age: Kimmeridgian (Mateus, 
pers. comm.) 
Unidade Sobral (Lapparent and 
Zbyszewski 1957; Mateus 1998, 
pers. comm.) 
Theropoda 
Carnosauria 
Lourinhanosaurus antunesi 
Theropoda indet. 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Age: late Kimmeridgian-Tithonian 
(Manuppela et al. 2000) 


. Unidade Amoreira-Porto Novo or 


Castelhanos (Lapparent and 
Zbyszewski 1957; Galton 1981b; 
Mateus, pers. comm.) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus (including 
Astrodon pusillus) 
Age: late Kimmeridgian-Tithonian 
(Manuppela et al. 2000) 
Unidade Sobral or Amoreira Porto-Novo 
(Lapparent and Zbyszewski 1957) 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Age: late Kimmeridgian-Tithonian 
(Manuppela et al. 2000) 


. Unidade Amoreira-Porto Novo 


(Lapparent and Zbyszewski 1957; 
Mateus, pers. comm.) 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Brachiosauridae 
Brachiosaurus atalaiensis 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Age: late Kimmeridgian-Tithonian 
(Manuppela et al. 2000) 
Unnamed unit (Mateus et al. 1997; 
Mateus, pers. comm.) 
Theropoda 
Carnosauria 
Lourinhanosaurus antunesi 
Theropod tracks 
Sauropoda indet. 
Dinosaur eggs 
Age: late Kimmeridgian-Tithonian 
(Mateus, pers. comm.) 


. Unnamed unit (Mateus, pers. comm.) 


Sauropoda 
Brachiosauridae 
Brachiosaurus atalaiensis 
Age: late Kimmeridgian-Tithonian 
(Mateus, pers. comm.) 


. Unnamed unit (Lapparent and 


Zbyszewski 1957; Rauhut and Kriwet 
1994; Mateus, pers. comm.) 


Theropoda indet. (including Megalosaurus 
insignis, M. pombali) 

Theropod tracks 

Sauropoda 

Eusauropoda 
Lourinhasaurus alenquerensis 

Age: late Kimmeridgian-Tithonian 
(Mateus, pers. comm.) 

10. Unidade Bombarral (Lapparent and 
Zbyszewski 1957; Galton 1980a; Mateus 
and Antunes 2001; Mateus, pers. 
comm.) 

Theropoda indet. (including 
Megalosaurus insignis) 
Theropod tracks 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Brachiosauridae 
Brachiosaurus atalaiensis 
Ornithopoda 
Iguanodontia 
Draconyx loureiroi 
Age: Tithonian (Manuppela et al. 2000) 
. Unidade Arranh6 (Mateus, 
pers. comm.) 
Sauropoda 
Eusauropoda 
Lourinhasaurus alenquerensis 
Age: Tithonian (Leinfelder 1993) 
12. Unnamed unit (Lapparent and 
Zbyszewski 1957) 
Sauropoda 
Brachiosauridae 
Brachiosaurus atalaiensis 
Age: Tithonian (Mateus, pers. comm.) 


1 


= 


16.5. DISTRITO DO SETUBAL, PORTUGAL 
1. Unnamed unit (Lapparent and 
Zbyszewski 1957) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Age: late Kimmeridgian-Tithonian 
(Mateus, pers. comm.) 
2. Azoia Limestone (Lockley et al. 1992b; 
Santos et al. 1995) 
Sauropod tracks 
Age: Kimmeridgian (Lockley and Santos 
1993) 
3. Unnamed unit (Dantas et al. 1994) 
Theropod tracks 
Age: late Tithonian (= early Portlandian; 
Lockley et al. 1994d) 


17.1. NIEDERSACHSEN, GERMANY 


1. Unnamed unit (Windolf 1999, pers. 

comm.) 

Sauropoda 

Undescribed brachiosaurid 

Sauropoda indet. (including 

Camarasauridae indet., 
Brachiosauridae indet.) 

Age: Late Jurassic (Windolf 1999) 


17.3. BAYERN, GERMANY 


1. Ober Solnhofen Plattenkalk 
(Wagner 1861; Ostrom 1978a; 


Griffiths 1993, 1999, 2000; Elzdnowski 
2001) 
Theropoda 
Compsognathidae 
Compsognathus longipes 
Avialae 
Archaeopterygidae 
Archaeopteryx lithographica 
Archaeopteryx bavarica 
Wellnhoferia grandis 
?Dinosaur eggs 
Age: Kimmeridgian (Ostrom 1978a) 


17.8. NORDRHEIN-WESTPHALEN, 
GERMANY 
. Malm (Friese 1972, 1979; Kaever and 
Lapparent 1974) 
Theropod tracks 
Sauropod tracks 
Age: early Kimmeridgian (Kaever and 
Lapparent 1974) 


BR 


18.1. KANTON BASELLAND, SWITZERLAND 


1. Unnamed unit (Meyer, pers. comm.) 
Theropoda indet. 
Age: ?Oxfordian (Meyer, pers. comm.) 


18.4. KANTON BERN, SWITZERLAND 


1. Unnamed unit (Meyer et al. 1997) 
Theropoda indet. 
Age: Oxfordian (Meyer et al. 1997) 
2. Unnamed unit (Meyer et al. 1997) 
Stegosauria indet. 
Age: late Oxfordian (Meyer et al. 1997) 

. Unnamed unit (Huene 1925b; Meyer 

et al. 1997) 

Theropoda indet. 

Age: early Kimmeridgian (Meyer et al. 
1997) 

4. Reuchenette Formation (Meyer 1990, 
1993; Meyer and Hauser 1994; Meyer 
and Lockley 1996; Meyer et al. 1997) 
Theropod tracks 
Sauropod tracks 
Age: middle-late Kimmeridgian (Meyer 

1993; Meyer and Lockley 
1996) 


w 


18.5. KANTON SOLOTHURN, SWITZERLAND 


1. Villigen Formation (Meyer et al. 1997; 
Meyer and Hunt 1998) 
Stegosauria indet. 
Age: late Oxfordian (Meyer et al. 1997) 
2. Reuchenette Formation (Greppin 1870; 
Huene 1922; Meyer 1990, 1993; Meyer 
and Hauser 1994; Meyer and Lockley 
1996; Meyer et al. 1997; Madsen and 
Welles 2000) 
Theropoda 
Tetanurae indet. (= Megalosaurus 
meriani) 
Theropoda indet. 
Theropod tracks 
Sauropoda indet. (= Ornithopsis greppini) 
Sauropod tracks 
Age: middle-late Kimmeridgian (Meyer 
1993; Meyer and Lockley 
1996) 
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Asia 


Asian records of Late Jurassic dinosaurs (29 locations, an 80% 
increase) have been scattered and often fragmentary (figs. 24.6, 
24.7, and 24.16). Most of the material comes from the People’s 
Republic of China, originally studied by Cai K.-J., P. J. Currie, 
Dong Z.-M., He X.-L., C.-C. Young, Zhao Z.-C., and co-workers 
are currently studying the still-burgeoning Late Jurassic dino- 
saurs from Sichuan, many of which provide us with a new per- 
spective on the fauna of this time interval. Records of dinosaur 
ichnofaunas from Tadzhikistan, Turkmenistan, and Georgia have 
been studied by L. K. Gabuniya, M. G. Lockley, V. P. Novikov, 
and colleagues. Dinosaur faunas from Thailand have also been 
described by E. Buffetaut, R. Ingavat, and V. Suteethorn. The first 
Late Jurassic fauna from Mongolia (otherwise known only for 
its Cretaceous dinosaur record) has recently been announced 
by Y. M. Gubin and S. M. Sinitza. Finally, the dinosaur faunas of 


M. Matsukawa, I. Obata, and Y. Tomida. 


35.1. MUHAFAZAH SA’DAH, REPUBLIC 
OF YEMEN 
1. Mabdi Formation (Jacobs et al. 1999) 
Sauropoda indet. 
Age: Kimmeridgian (Jacobs et al. 1999) 


37.2. YAKUTSKAYA AVTONOMNAYA OBLAST, 
RUSSIA 


. Suntar Series (Rozhdestvensky 1973b; 
Rich et al. 1997; Kurzanov et al. 2001) 
Theropoda 

Carnosauria indet. 
?Coelurosauria indet. 
Theropoda indet. 
Sauropoda indet. (= Camarasauridae 
indet.) 
Stegosauria 
Stegosauridae 
cf. Stegosaurus sp. 
Age: Late Jurassic-Early Cretaceous 
(Rozhdestvensky 1973b) 


BR 


38.2. TYVA RESPUBLIKA, RUSSIA 


1. Unnamed unit (Kudryavtseva and 
Kudryavtsev 2003) (not plotted) 
Unidentifed Dinosauria 
Age: Late Jurassic (Kudryavtseva and 

Kudryavtsev 2003) 


38.1. AP’KHAZET’IS AVTONOMIURI 
RESPUBLIKA, GEORGIA 


a 


. Unnamed unit (Gabunia et al. 1998) 
(not plotted) 
Sauropoda indet. 
Age: middle Oxfordian (Gabuniya et al. 
1998) 


39.1. ONGTUSTIK QAZAQSTAN OBLYSY, 
KAZAKHSTAN 


1. Balabansai Svita (Rautian 1978; 
Kurochkin 2000) 
Theropoda 
Avialae incertae sedis 
Praeornis sharovi 


FIGURE 24.16. Late Triassic to Late Cretaceous localities in Thailand (51) 
and Laos (52). Scale = 600 km. 


Age: Late Jurassic (Kurochkin 2000) 


40.1. QASHQADARYO WILOYATI, 
UZBEKISTAN 


R 


. Kurek Svita (Gabuniya and Kurbatov 
1982, 1988; Lockley et al. 1996d, 1998a) 
Theropod tracks 
Sauropod tracks 
Age: late Oxfordian-early Kimmeridgian 

(Lockley et al. 1998a) 


40.2. SURKHONDARYO WILOYATI, 
UZBEKISTAN 
1. Unnamed unit (Lockley, pers. comm.) 
Theropod tracks 
Age: Oxfordian-Kimmeridgian (Lockley, 
pers. comm.) 


41.1. CHARDZHOU OBLAST, 
TURKMENISTAN 
1. Unnamed unit (Lockley et al. 1996d) 
Theropod tracks 
Age: Oxfordian-Kimmeridgian 
(Lockley et al. 1996d, 
1998a, 1998b) 


43.1. VILOYATI LENINOBOD, TADZHIKISTAN 


1. Kugitang Svita (Dzhalilov and Novikov 
1987; Lockley et al. 1994e) 
?Theropod tracks 
Age: Oxfordian (Lockley et al. 1994e) 
2. Karabil Svita (Novikov and Dzhalilov 
1993) 
Theropod tracks 
Age: Tithonian (Lockley, pers. comm.) 


46.4. RAJASTHAN, INDIA 


1. ?Jabalpur Formation (Mathur et al. 1985) 
Dinosauria indet. 

Age: Tithonian-Hauterivian (Dogra et al. 
1994) 


47.1. GOV’ALTAI, MONGOLIA 
1. Shar Teeg Beds (Gubin and Sinitza 1996) 
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Theropoda indet. 
Age: Late Jurassic (Gubin and Sinitza 
1996) 

2. Ulaan Malgait Beds (Gubin and Sinitza 
1996) 

Sauropoda indet. (=?Mamenchisaurus sp.) 
Age: Late Jurassic (Gubin and Sinitza 
1996) 

3. Daril Formation (Graham et al. 1997) 
Sauropoda indet. (= Mamenchisaurus sp.) 
Ornithischia indet. 

Age: Late Jurassic (Graham et al. 1997) 


48.2. SICHUAN, PEOPLE’S REPUBLIC 
OF CHINA 


1. Kyangyan Series (Young 1942b) 
Theropoda indet. (=?Szechuanosaurus 
campi, Sinocoelurus fragilis) 
Age: Tithonian (Dong, pers. comm.) 
2. Upper Shaximiao Formation (Camp 
1935; Young 1939; Dong et al. 1983; He 
et al. 1984; Gao 1992; Currie and Zhao 
1993a; Pi et al. 1996; Zhang and Chen 
1996; Zhang et al. 1998; Ye et al. 2001; 
Zhang and Li 2001) 
Theropoda 
Allosauroidea 
Yangchuanosaurus shangyouensis 
Yangchuanosaurus magnus 
Sinraptor hepingensis 
Theropoda indet. (including 
Szechuanosaurus campi, 
S. yandonensis) 
Sauropoda 
Eusauropoda 
Mamenchisaurus constructus 
Mamenchisaurus hochuanensis 
Mamenchisaurus jingyanensis 
Mamenchisaurus youngi 
Sauropoda indet. (including 
Omeisaurus changshouensis, 
O. fuxiensis) 
Ornithischia indet. (= Gongbusaurus 
shiyii) 


Stegosauria 
Stegosauridae 
Tuojiangosaurus multispinus 
Chialingosaurus kuani 
Chungkingosaurus jiangbeiensis 
Chungkingosaurus sp. 
Stegosauridae indet. 

Age: Late Jurassic (Dong et al. 1983); 
Oxfordian (Dong, pers. 
comm.) 

3. Suining Formation (He et al. 1996) 

Theropoda 

Yangchuansaurus sp. 

Sauropoda 

Eusauropoda 
Mamenchisaurus anyuensis 

Age: Late Jurassic (He et al. 1996) 

4. Penglaizhen Formation (Zhen et al. 

1983; He et al. 1996) 

Sauropoda 

Eusauropoda 
Mamenchisaurus anyuensis 
Ornithischian tracks 
Age: Late Jurassic (Zhen et al. 1983) 
5. Lower Chiating Series (Young 1960; 

Zhen et al. 1989) 

Euornithopod tracks 

Age: Late Jurassic (Young 1960) 


48.4. LIAONING, PEOPLE’S REPUBLIC 
OF CHINA 


1. Tuchengzi Formation (Wang et al. 1985; 


Zhao et al. 1999; Dong 2001; Lockley 

et al. 2001b) 

Theropod tracks (including avialan 
tracks) 

Sauropoda indet. (= Mamenchisauridae 
indet., Brachiosauridae 
indet.) 

Ceratopsia 

Neoceratopsia 
Chaoyangosaurus youngi 

Age: Tithonian (Wang et al. 1985; 

Lockley et al. 2001b) 


48.5. XINJIANG UYGUR ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


1. Shishugou Formation (Young 1937; 
Dong 1989; Currie and Zhao 1993a; 
Russell and Zheng 1993; Clark, pers. 
comm.) 

Theropoda 
Allosauroidea 
Sinraptor dongi 
Undescribed ornithomimosaurian 
Tetanurae indet. 
Sauropoda 
Eusauropoda 


South America 


The Late Jurassic dinosaur faunas of South America are known 
from seven locations (a 75% increase; figs. 24.8 and 24.9). Four 
are represented by dinosaur tracks or trackways from Brazil, Chile, 
and Argentina, described by G. Leonardi, R. M. Casamiquela, 


Mamenchisaurus sinocanadorum 
Sauropoda indet. (including 
Tienshanosaurus chitaiensis) 
Undescribed stegosaur 
Undescribed ankylosaur 
Ornithopoda 
Unnamed euornithopodan 
(= “Gongbusaurus” 
wucaiwanensis) 
Age: Bathonian-Oxfordian (Eberth et al. 
2001a) 


. Kalazha Formation (Young and Sun 


1957; Dong 1977, 1997d; Sun et al. 1992; 
Yao et al., in press; = Karaza Formation, 
Keilozo Formation, Huoyanshan 
Formation, Kalazha Formation) 
Theropoda indet. (= cf. Szechuanosaurus 
campi) 
Sauropoda 
Eusauropoda incertae sedis 
Hudiesaurus sinojapanorum 
Sauropoda indet. (including 
Chiayusaurus lacustris) 
Age: Tithonian (Eberth et al. 2001a) 


3. Unnamed unit (Dong 1973b) 


Theropoda indet. 
Age: ?Late Jurassic (Dong 1973b) 


4. Qigu Formation (Maisch et al. 2003; Yao 


et al., in press) 
Theropoda 
Tetanurae indet. 
Coelurosauria indet. 
Sauropoda indet. 
Age: Oxfordian (Eberth et al. 2001a) 


48.6. SHAANXI, PEOPLE’S REPUBLIC 


RP 


OF CHINA 


. Unnamed unit (Kuhn 1958b; Lockley 


and Matsukawa 1998) 

Euornithopod tracks 

Age: Late Jurassic (Kuhn 1958; ?Early 
Cretaceous, Lockley and 
Matsukawa 1998) 


48.8. GANSU, PEOPLE’S REPUBLIC 


1. 


OF CHINA 
Hantong Formation (Young 1958b; 
Dong, pers. comm.) 
Sauropoda 
Eusauropoda 
Mamenchisaurus constructus 
Age: Late Jurassic (Young 1958b) 


48.9. SHANDONG, PEOPLE’S REPUBLIC 


1, 


OF CHINA 


Meng-Yin Formation (Wiman 1929; 
Mateer and McIntosh 1985) 
Sauropoda 


northern Chile. 


O. Galli, R. Dingman, and D. Rubilar, among others. Another, 


Eusauropoda 
Euhelopus zdanskyi 
Stegosauria 
Stegosauridae indet. 

Age: early Tithonian (Chen et al. 1982); 
Kimmeridgian (Dong, pers. 
comm.) 

2. Laiyang Series (Young 1960; Zhen et al. 

1989) 

Theropod tracks 

Age: Late Jurassic (Zhen et al. 1989) 


48.10. HEBEI, PEOPLE’S REPUBLIC 
OF CHINA 


R 


. Houcheng Formation (Wang et al. 1985; 
Zhao unpubl. data) 
Ceratopsia 
Xuanhuasaurus nieii 
Age: Late Jurassic (Wang et al. 1985; 
Zhao, unpubl. data) 


51.2. CHANGWAT KALASIN, THAILAND 


1. Phu Kradung Formation (Buffetaut et al. 
1997b, 2001, 2002; Buffetaut and 
Suteethorn 1998b) 

Theropoda indet. 

Sauropoda indet. 

Stegosauria indet. 

Ornithopoda indet. 

Age: Late Jurassic (Buffetaut et al. 
1997b) 


51.3. CHANGWAT MUKDAHAN, THAILAND 


1. Phu Kradung Formation (Buffetaut et al. 
1997b; Buffetaut and Suteethorn 1998b) 
Theropoda indet. 

Sauropoda indet. 

Stegosauria indet. 

Ornithopoda indet. 

Age: Late Jurassic (Buffetaut et al. 
1997b) 


53-2. GIFU PREFECTURE, JAPAN 

1. Kagidani Formation (Kunimitsu et al. 
1990; Matsukawa and Obata 1994; 
Azuma and Tomida 1995) 
?Theropod tracks 
?Euornithopod tracks 
Age: Tithonian (Azuma and Tomida 

1995) 


53-3. FUKUSHIMA PREFECTURE, JAPAN 


1. Tochikubo Formation (Takahashi and 
Taira 1996, 1997) 
Theropod tracks 
Euornithopod tracks 
Age: Late Jurassic (Takahashi and Taira 
1996, 1997) 


from Colombia, is represented by possible cetiosaurid material 
described by W. Langston Jr. andJ. W. Durham, while G. C. Diaz 
and Z. B. de Gasparini report an undescribed dinosaur fauna from 
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54.1. DEPARTAMENTO DE MAGDALENA, 
COLOMBIA 
1. “Giron” formation (Langston and 
Durham 1955) 
Sauropoda indet. (=?Cetiosauridae 
indet.) 
Age: ?Late Jurassic (Bonaparte 1979a) 


57.4. ESTADO DO MINAS GERAIS, BRAZIL 


1. Areado Group (Carvalho and Kattah 
1996) 
Theropod tracks 
Age: Late Jurassic-Early Cretaceous 
(Carvalho and Kattah 1996) 


60.1. UPPER TAKUTU, GUYANA 


1. Takutu Formation (Montalvao et al. 
1975) 


Africa 


Theropod tracks 
Age: Late Jurassic-Early Cretaceous 
(Hammen and Burger 1966) 


62.1. PROVINCIA DE ANTOFAGASTA, CHILE 


1. Unnamed unit (Diaz and Gasparini 
1976) 
Undescribed dinosaur 
Age: Late Jurassic (Diaz and Gasparini 
1976) 


62.2. PROVINCIA DE TARAPACA, CHILE 


1. Chacarilla Formation (Galli and 
Dingman 1962; Moreno et al. 2000) 
Theropod tracks 
Sauropod tracks 
2Stegosaur tracks 
Euornithopod tracks 


Age: ?Oxfordian (Diaz and Gasparini 
1976) 


62.3. PROVINCIA DE COLCHAGUA, 
CHILE 


R 


. Banos del Flaco Formation (Rubilar, 
pers. comm.) 
Dinosaur tracks 
Age: Late Jurassic (Rubilar, pers. 
comm.) 


63.3. PROVINCIA DE SANTA CRUZ, 
ARGENTINA 
1. La Matilde Formation (Casamiquela 
1964b; Coria 1991) 
Theropod tracks 
Age: Oxfordian (Stipanicic and Bonetti 
1970a, 1970b) 


The Tendaguru fauna of Tanzania is perhaps the best known of 
all dinosaur faunas from Africa. This site was originally worked by 
E. Fraas from the Koniglichen Naturalienkabinett Stuttgart (now 
the Staatliches Museum fiir Naturkunde, Stuttgart), but most 
extensively between 1909 and 1912 by W. Janensch, E. Hennig, 
and H. Reck under the auspices of the Humboldt-Universitat 
Museum fiir Naturkunde (for further information on the Ger- 
man expedition to Tendaguru, see Hennig 1912). From 1924 to 
1929, Tendaguru was worked by an expedition from the British 
Museum (Natural History), headed successively by W. E. Cutler, 


F. W. H. Migeod, and J. Parkinson (Parkinson 1930). Although 
the Tendaguru fauna is not presently worked (Zils et al. 1995), 
revisionary studies of the fauna continue to recognize new taxa, 
principally through the work of O. W. M. Rauhut. Other African 
work on the Late Jurassic has been conducted by D.-M. Dutuit 
and A. Ouazzou in Morocco, L. Ginsburg and co-workers in 
Niger, and M. A. Raath in Zimbabwe. Recently, M. B. Goodwin 
and collaborators have discovered the first Ethiopian dinosaur 
fauna, also from the Late Jurassic. Upper Jurassic dinosaur loca- 
tions in Africa are given in figures 24.10 and 24.11. 


64.1. PROVINCE DE MARRAKECH, 
MOROCCO 


BR 


. Unnamed unit (Dutuit and Ouazzou 
1980) 
Sauropod tracks 
Age: Late Jurassic or Early Cretaceous 
(Dutuit and Ouazzou 
1980) 
68.1. DEPARTEMENT D’AGADEZ, NIGER 
1. Gres d’Assaouas (Ginsburg et al. 1966) 
Theropod tracks 
Sauropod tracks 
Age: Late Jurassic-Hauterivian 
(Ginsburg et al. 1966; 
Taquet 1976) 
2. Argiles de l’Irhazer (Ginsburg et al. 1966; 
Congleton 1990) 
Theropod tracks 
Euornithopod tracks 
Age: Late Jurassic-Hauterivian 
(Ginsburg et al. 1966; 
Taquet 1976) 


72.1. SHEWA PROVINCE, ETHIOPIA 


1. Mugher Mudstone (Goodwin et al. 1996, 
1999) 
Theropoda 
Carnosauria 
cf. Acrocanthosaurus sp. 

Theropoda indet. 
Ornithischia indet. 
Ornithopoda 

Euornithopoda indet. 


Age: Tithonian-?Early Cretaceous 
(Goodwin et al. 1996, 
1999) 


75.1. MKOAWA MTWARA, TANZANIA 


RB 


. Tendaguru Formation (Janensch 1914, 
1929b, 1935-36, 1955; Hennig 1924; 
Swinton 1950; Rauhut 1998; Bonaparte 
et al. 2000; Madsen and Welles 2000) 
Theropoda 

Ceratosauria 
Elaphrosaurus bambergi 
Ceratosaurus sp. (= Ceratosaurus 
roechlingi, Labrosaurus 
stechowi) 
Allosauroidea 
?Allosaurus tendagurensis 
Theropoda indet. (= Megalosaurus 
ingens) 
Sauropoda 
Sauropoda incertae sedis 
Tendaguria tanzaniensis 
Diplodocoidea 
Dicraeosaurus hansemanni 
Dicraeosaurus sattleri 
Tornieria africanus 
Barosaurus gracilis 
Brachiosauridae 
Brachiosaurus brancai (including 
B. fraasi) 
Titanosauria 
Janenschia robusta 
Stegosauria 
Stegosauridae 
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Kentrosaurus aethiopicus 
Ornithopoda 
Iguanodontia 
Dryosaurus lettowvorbecki 
?Dinosaur eggs 
Age: Kimmeridgian (Aitken 1961; 
Schudack 1999) 


77.1. MASHONALAND NORTH, ZIMBABWE 


1. Kadsi Formation (Armstrong et al. 
1967; Raath 1967; Raath and McIntosh 
1987) 

Sauropoda 
Brachiosauridae 
Brachiosaurus sp. 
?Brachiosauridae indet. 
Diplodocidae 
Barosaurus sp. 
Dicraeosauridae 
Dicraeosaurus sp. 
Camarasauromorpha 
?Camarasautrus sp. 
Titanosauria 
Janenschia sp. 
Age: Late Jurassic (Molnar 1980b; Raath 
and McIntosh 1987) 


77.5. MIDLANDS, ZIMBABWE 


1. Gokwe Formation (Bond and Bromley 
1970; Raath and McIntosh 1987) 
Theropoda indet. 

Sauropoda indet. 
Age: Late Jurassic (Raath and McIntosh 
1987) 


FIGURE 24.17. Early and Late Cretaceous localities in the southwestern United States (3). Scale = 600 km. 


Early Cretaceous 


Dinosaur fossils of Early Cretaceous age are known from nearly 
280 locations in North America, Europe, Asia, South America, 
Africa, and Australasia. 


North America 


Lower Cretaceous dinosaurs are presently known from 48 loca- 
tions (an increase of nearly 50%). The most important among 
them are found primarily in the Western Interior of the United 
States, thanks to the early work of B. Brown and P. Kaisen and 
later work by P. R. Bjork, B. B. Britt, K. Carpenter, J. A. Dorr Jr., 
J. G. Eaton, A. P. Hunt, J. I. Kirkland, M. G. Lockley, S. G. Lucas, 
W. D. Maxwell, J. H. Ostrom, R. P. Ratkevich, and D. B. Wei- 
shampel. The first Early Cretaceous dinosaur occurrence from 
California was reported by R. P. Hilton and colleagues. Addi- 
tional western North American records include important ichno- 
faunas from British Columbia and Alberta, Canada, and Alaska, 
United States, described by P. J. Currie, R. A. Gangloff, and C. M. 


3. Gething Formation (Sternberg 1932b; 
Currie and Sarjeant 1979; Carpenter 1984) 
Theropod tracks (including avialan 


I.3. BRITISH COLUMBIA, CANADA 


1. Minnes Formation (Currie 1989a) 


Age: Barremian-Aptian (Stott 1975) 


Sternberg. To the southeast, important Comanchean sites from 
Oklahoma, central Texas, and Arkansas have yielded both track 
and skeletal material, described in detail by D. D. Gillette, L. L. 
Jacobs, W. Langston Jr., J. G. Pittman, D. A. Thomas, and D. A. 
Winkler. Finally, an intriguing but not yet well-known fauna 
comes from the Arundel Clay of Maryland, Washington, D.C., 
and Virginia, studied by C. W. Gilmore, T. R. Lipka, R. S. Lull, 
O. C. Marsh, R. Stanford, and R. E. Weems. These Lower Creta- 
ceous locations are plotted in figures 24.1, 24.13, 24.17, and 
24.18. (Listed here is an ichnofauna from Estado de Puebla, 
Mexico, described by Leonardi (1994), which can be dated only 
as ?Cretaceous in age [location 44.1-2].) 


Theropod tracks (including avialan 
tracks) 

Ankylosaur tracks 

Euornithopod tracks 

Age: Albian (McCrea and Currie 1998) 


3.1. UTAH, UNITED STATES 


Theropod tracks tracks) 
Age: Berriasian-Valanginian (Currie Ankylosaur tracks 
1989a) Euornithopod tracks 
2. Cadomin Formation (Currie 1989a) 
Theropod tracks 


Euornithopod tracks 
Age: Barremian-Aptian (Currie 
1989a) 


1.4. ALBERTA, CANADA 


1. Gates Formation (McCrea and Currie 
1998; McCrea and Sarjeant 2001) 


1. Kelvin Formation (Jensen 1970; 
Zelenitsky et al. 2000) 
Dinosaur eggs 
Age: Berriasian-Albian (Hintze 1973) 
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FIGURE 24.18. Early and Late Cretaceous localities in the central and southeastern United States (3). Scale = 600 km. 


2. Lower Cedar Mountain Formation 
(Galton and Jensen 1979b; Kirkland 
et al. 1993, 1997, 1998a, 1998b; Britt 
and Stadtman 1997; Kirkland 1998a; 
Carpenter 1999; Lockley et al. 1999; 


Tidwell et al. 1999, 2001; Carpenter et al. 


2001a; DiCroce and Carpenter 2001; 
Scheetz et al. 2001) 
Theropoda 
Coelurosauria incertae sedis 
Nedcolbertia justinhofmanni 
Dromaeosauridae 
Utahraptor ostrommaysi 
Theropoda incertae sedis 
cf. Ricardoestesia sp. 
Theropod tracks 
Sauropoda 
Brachiosauridae 
Cedarosaurus weiskopfae 
?Brachiosauridae indet. 
Undescribed ?macronarian 
(= “camarasaurid”) 
Titanosauria 
Venenosaurus dicrocei 
Sauropod tracks 
Ankylosauria 
Nodosauridae 
Cedarpelta bilbeyhallorum 


Ankylosauridae 
Gastonia burgei 
Ornithopoda 
Iguanodontia 
Planicoxa venenica 
Undescribed iguanodontians 
Iguanodontia indet. (= Iguanodon 
ottingeri) 
Euornithopod tracks 
Dinosaur eggs 
Age: Berriasian-Hauterivian (Kirkland 
et al. 1993, 1997, 1998a) 

3. Middle Cedar Mountain Formation 
(Bodily 1969; DeCourten 1991; Kirkland 
et al. 1997, 1998a; Carpenter and 
Kirkland 1998; Harris 1998c; Carpenter 
1999; Lockley et al. 1999; Zelenitsky 
et al. 2000; Scheetz et al. 2001) 
Theropoda 

Carnosauria 
Acrocanthosaurus sp. 
Undescribed allosaurid 

Undescribed coelurosaurian 

Dromaeosauridae 
Deinonychus sp. 

Theropoda incertae sedis 
cf. Ricardoestesia sp. 

Sauropoda 
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Titanosauriformes incertae sedis 
Pleurocoelus sp. 
Ankylosauria 
Nodosauridae 
Unnamed Sauropelta species 
cf. Sauropelta sp. (= Hoplitosaurus sp.) 
Undescribed ankylosaurid 
(= cf. Shamosaurus sp.) 
Ornithopoda 
Iguanodontia 
Tenontosaurus sp. 
Euornithopod tracks 
Dinosaur eggs 
Age: Aptian-Albian (Kirkland et al. 1998a) 


3.2. ARIZONA, UNITED STATES 

1. Dakota Formation (unpublished) 
Euornithopod tracks 
Age: late Aptian-early Cenomanian 

(Tschudy et al. 1984b) 

2. Shellenberger Canyon Formation (Miller 
1964; Galton and Jensen 1979b; 
Ratkevich 1997) 

Ornithopoda 
Iguanodontia 
cf. Tenontosaurus sp. 
Age: Aptian-Albian (Galton and Jensen 
1979b) 


. Sand Wells Formation (Miller 1964; 


Ratkevich 1997) 
?Stegosauria 
2Stegosauridae indet. 
Age: Early Cretaceous (Miller 1964) 


. Amole Formation (Ratkevich 1997) 


Ornithopoda 
Iguanodontia indet. 
Age: Aptian-Albian (Ratkevich 1997) 


. Unnamed unit (Ratkevich 1997) 


Theropoda 
Dromaeosauridae 
cf. Deinonychus sp. 
Ornithopoda 
Iguanodontia 
cf. Tenontosaurus sp. 
Age: ?Early Cretaceous (Ratkevich 1997) 


. Turney Ranch Formation (Ratkevich 


1997, 1998) 

Sauropoda indet. (including 
Sonorasaurus thompsoni) 

Age: Albian-Cenomanian (Ratkevich 
1997) 


3.3. NEW MEXICO, UNITED STATES 


a 


. Mesa Rica Formation (Hunt and Lucas 


1998; Lockley et al. 2000; Lucas et al. 

2000) 

Theropod tracks 

Age: late Albian (Lucas et al. 1989; 
Lockley et al. 1993) 

Pajarito Formation (Lucas et al. 1989; 

Lockley et al. 1993, 2000; Hunt and 

Lucas 1998) 

Theropod tracks 

Euornithopod tracks 

Age: late Albian (Lucas et al. 1989; 
Lockley et al. 1993) 


3.4. COLORADO, UNITED STATES 


BR 


. South Platte Formation (Johnson 1931; 


Mehl 1931; Lockley 1985; Currie et al. 

1991; Lockley et al. 1992a, 2001a; 

McCrea et al. 2001a) 

Theropod tracks (including avialan 
tracks) 

?Ankylosaur tracks 

Euornithopod tracks 

Age: late Aptian-early Cenomanian 
(Lucas et al. 1998b) 


. Plainview Formation (Kurtz et al. 2001; 


McCrea et al. 2001a) 
Theropod tracks 

Ankylosaur tracks 
Euornithopod tracks 

Age: Albian (Kurtz et al. 2001) 


3.5. TEXAS, UNITED STATES 


BR 


. Bissett Formation (Langston, pers. 


comm.) 
Ornithopoda 
Iguanodontia 
cf. Iguanodon sp. 
Age: ?Berriasian-early Albian (Langston, 
pers. comm.) 


. Twin Mountain Formation (Winkler and 


Murry 1989; Winkler et al. 1997b; Harris 
1998c; Jacobs and Winkler 1998) 


Theropoda 
Carnosauria 
Acrocanthosaurus atokensis 
Dromaeosauridae indet. 
Theropoda indet. 
Sauropoda 
Sauropoda indet. 
Titanosauriformes incertae sedis 
Pleurocoelus sp. 
Ornithopoda 
Unnamed euornithopodan 
Iguanodontia 
Tenontosaurus dossi 
Iguanodontia indet. 
Age: Aptian (Winkler and Murry 1989; 
Jacobs et al. 1991) 


. Bluff Dale Sandstone (Langston, 


pers. comm.) 
Sauropoda 
Titanosauriformes incertae sedis 
Pleurocoelus sp. 
Age: late Aptian (Langston 1974, 
pers. comm.) 


. Glen Rose Formation (Langston 1974; 


Farlow 1987a; Pittman and Lockley 
1994; Jacobs and Winkler 1998; 
Hawthorne et al. 2002; Rogers 2002) 
Theropod tracks 
Sauropoda 
Titanosauriformes 
Pleurocoelus cf. nanus 
Unnamed titanosauriform 
Sauropod tracks 
Ornithopoda 
Iguanodontia 
Tenontosaurus cf. tilletti 
Euornithopod tracks 
Age: late Aptian-early Albian (Langston 
1974) 


. Antlers Formation (Langston 1974; 


Winkler and Murry 1989; Jacobs and 
Winkler 1998) 
Theropoda 
Carnosauria 
Acrocanthosaurus atokensis 
Dromaeosauridae indet. 
Theropoda indet. 
Sauropoda indet. 
Ornithopoda 
Euornithopoda 
Undescribed euornithopodan 
Iguanodontia 
Tenontosaurus sp. 
Age: late Aptian-middle Albian 
(Langston 1974) 


. Paluxy Formation (Langston 1974) 


Theropoda 
Ornithomimosauria 
2Ornithomimus sp. 
?Dromaeosauridae indet. 
Theropoda indet. 
Sauropoda 
Titanosauriformes 
Pleurocoelus cf. nanus 
?Pleurocoelus sp. 
Ornithischia indet. 
Ankylosauria incertae sedis 
?Nodosaurus sp. 


Ornithopoda 
Iguanodontia 
Tenontosaurus cf. tilletti 
Age: middle Albian (Young 1986) 


7. Edwards Formation (Stanford, pers. 


comm.) 

Sauropod tracks 

Age: middle Albian (Stephenson et al. 
1942) 


8. Paw Paw Formation (Jacobs et al. 1994; 


Coombs 1995b; Lee 1996) 
Ankylosauria 
Nodosauridae 
Pawpawsaurus campbelli 
Nodosauridae indet. 
Ankylosauria incertae sedis 
Texasetes pleurohalio 
Age: late Albian (Jacobs et al. 1991) 


9. Segovia Formation (Pittman 1989) 


Theropod tracks 
Age: late Albian-early Cenomanian 
(Pittman 1989) 


10. Fort Terrett Formation (Pittman 1989) 


Theropod tracks 
Age: late Albian (Pittman 1989) 


11. Hensel Formation (Pittman 1989) 


Euornithopod tracks 
Age: middle Albian (Pittman 1989) 


3.6. OKLAHOMA, UNITED STATES 


1. 


Antlers Formation (Larkin 1910; 
Langston 1974; Cifelli et al. 1997a; 
Brinkman et al. 1998; Currie and 
Carpenter 2000; Wedel et al. 2000) 
Theropoda 
Carnosauria 
Acrocanthosaurus atokensis 
Dromaeosauridae 
Deinonychus antirrhopus 
cf. Deinonychus sp. 
Avialae indet. 
Sauropoda 
Brachiosauridae 
Sauroposeidon proteles 
Titanosauriformes incertae sedis 
Pleurocoelus sp. (=?Astrodon sp.) 
Sauropoda indet. 
Sauropod tracks 
Ornithopoda 
Iguanodontia 
Tenontosaurus sp. 
Age: late Aptian-middle Albian 
(Langston 1974) 


3.7. KANSAS, UNITED STATES 


R 


. Dakota Sandstone (Eaton 1960; 


McAllister 1989) 
Ankylosauria 
Nodosauridae 
Silvisaurus condrayi 
?Euornithopod tracks 
Age: late Aptian-early Cenomanian 
(Tschudy et al. 1984b) 


3.10. CALIFORNIA, UNITED STATES 


1. Budden Canyon Formation (Hilton et al. 


1997) 
Ornithopoda 


DINOSAUR DISTRIBUTION 555 


Euornithopoda indet. 
Age: late Aptian (Hilton et al. 1997) 
3.II. MONTANA, UNITED STATES 
1. Cloverly Formation (Ostrom 1970a; 
Maxwell and Horner 1994; Makovicky 
and Sues 1998; Makovicky and Grellet- 
Tinner 1999) 
Theropoda 
Ornithomimidae indet. 
(=?Ornithomimus velox) 
Oviraptorosauria 
Microvenator celer 
Dromaeosauridae 
Deinonychus antirrhopus 
Theropoda indet. 
Sauropoda 
Titanosauriformes indet. 
(=?Pleurocoelus sp.) 
Ankylosauria 
Nodosauridae 
Sauropelta edwardsorum 
Ornithopoda 
Euornithopoda 
Zephyrosaurus schaffi 
Iguanodontia 
Tenontosaurus tilletti 
Dinosaur eggs 
Age: late Aptian (Chen and Lubin 1997) 
2. Kootenai Formation (Horner 1989) 
Dinosauria indet. 
Age: Aptian (Cobban and Reeside 1952) 
3.12. WYOMING, UNITED STATES 
1. Mowry or Thermopolis Shale (Marsh 
1889a; Williston 1905; Lull 1921; 
Coombs 1978a) 
Ankylosauria incertae sedis 
Nodosaurus textilis 
Age: late Aptian (Vuke 1984) 
2. Cloverly Formation (Ostrom 1970a) 
Theropoda 
Ornithomimidae indet. 
(=?O0rnithomimus velox) 
Oviraptorosauria 
Microvenator celer 
Dromaeosauridae 
Deinonychus antirrhopus 
Theropoda indet. 
Sauropoda 
Sauropoda indet. 
Titanosauriformes incertae sedis 
Pleurocoelus sp. 
Ankylosauria 
Nodosauridae 
Sauropelta edwardsorum 
Ornithopoda 
Iguanodontia 
Tenontosaurus tilletti 
Age: late Aptian (Chen and Lubin 1997) 
3. Thomas Fork Formation (Dorr 1985) 
Dinosauria indet. 


Europe 


The Early Cretaceous is well known in Europe (89 locations, 
amounting to nearly a 90% increase). The Wealden and Wealden 


Dinosaur eggs 
Age: Albian (Dorr 1985) 
3.13. IDAHO, UNITED STATES 
1. Wayan Formation (Dorr 1985; 
Weishampel et al. 2002) 
Ankylosauria 
?Nodosauridae indet. 
Ornithopoda 
Ornithopoda indet. 
Iguanodontia 
Tenontosaurus sp. 
Neoceratopsia indet. 
Dinosaur eggs 
Age: Albian (Dorr 1985) 
3.15. SOUTH DAKOTA, UNITED STATES 
1. Lakota Formation (Lucas 1901; 
Anderson 1939; Galton and Jensen 
1979b; Bjork 1985a; Weishampel and 
Bjork 1989; Carpenter and Kirkland 
1998; Foster et al. 1998; Lockley et al. 
2001a) 
Theropod tracks (including avialan 
tracks) 
Sauropoda indet. (= Camarasauridae 
indet.) 
Ankylosauria incertae sedis 
Hoplitosaurus marshi 
Ornithopoda 
Iguanodontia 
Iguanodon lakotaensis 
Camptosaurus depressus 
Euornithopod tracks 
Ornithopoda indet. (= Hypsilophodon 
wielandi) 
Age: Barremian (Sohn 1979) 
3.16. NEBRASKA, UNITED STATES 
1. Dakota Sandstone (Barbour 1931; Galton 
and Jensen 1979b; Joekel et al. 2001) 
Ornithopoda 
?Hadrosauridae indet. 
Ornithopod tracks 


Age: late Aptian-early Cenomanian 
(Tschudy et al. 1984b) 


3.18. ARKANSAS, UNITED STATES 
1. DeQueen Formation (Gillette et al. 1985; 
Pittman and Gillette 1989) 
Sauropod tracks 
Age: Albian (Gillette et al. 1985) 
2. Trinity Formation (Quinn 1973) 
Theropoda 
Ornithomimidae indet. 
Age: Early Cretaceous (Quinn 1973) 


3.25. MARYLAND, UNITED STATES 

1. Arundel Clay (Lull 1911a, 1911b; Gilmore 
1921; Ostrom 1970a; Galton and Jensen 
1979b; Weishampel and Young 1996; 
Chinnery et al. 1998; Lipka 1998) 
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Theropoda 

Allosauroidea indet. 

Ornithomimosauria indet. 

(= Coelosaurus affinis) 

Dromaeosauridae 

Deinonychus sp. 

Theropoda indet. (= Allosaurus medius, 
Coelurus grandis, Creosaurus 
potens) 

Sauropoda 

Titanosauriformes 

Pleurocoelus altus 
Pleurocoelus nanus 
Sauropoda indet. (= Astrodon johnstoni) 
Ankylosauria 
Nodosauridae 
Priconodon crassus 
Ornithopoda 
Iguanodontia 
?Tenontosaurus sp. 
Ceratopsia 

Neoceratopsia indet. 

Age: middle-late Aptian (Doyle 1992; 
Lipka, pers. comm.) 

2. Patuxent Formation (Stanford 1998; 
Stanford and Stanford 1998) 
Theropod tracks 
Sauropod tracks 
Euornithopod tracks 
Thyreophoran tracks 
Age: early Aptian (Doyle 1992; Lipka, 

pers. comm.) 


3.26. VIRGINIA, UNITED STATES 


1. Patuxent Formation (Weems and 
Bachman 1997) 
Theropod tracks 
Euornithopod tracks 
Age: Aptian (Weems and Bachman 
1997) 
3-33. ALASKA, UNITED STATES 
1. Chandler Formation (Parrish et al. 
1987; Gangloff 1998; McCrea et al. 
2001a) 
Theropoda 
Tyrannosauridae indet. 
Theropod tracks 
Ankylosaur tracks 
Euornithopod tracks 


Age: Albian-Cenomanian (Parrish et al. 
1987) 


3.34. WASHINGTON, D.C., UNITED STATES 


1. Arundel Clay (Gilmore 1920, 1921; 
Weishampel and Young 1996) 
Theropoda indet. 

Sauropoda 
Titanosauriformes incertae sedis 
Pleurocoelus sp. (= Astrodon johnsoni) 
Age: late Aptian-early Albian (Robbins 
1991) 


equivalents have produced the greatest number of dinosaur 
faunas (figs. 24.1, 24.5, and 24.19). Important locations include 


FIGURE 24.19. Early and Late Cretaceous localities in Sweden (6), England (10), Belgium (11), The Netherlands (12), France (14), Spain (15), Portugal 
(16), Germany (17), Switzerland (18), Italy (19), and Denmark (21). Position of England not to scale. Scale = 600 km. 


those of England, Belgium, Germany, France, Spain, and Portu- 
gal. The English dinosaur faunas are known through the early 
work of W. Buckland, J. W. Hulke, G. A. Mantell, R. Owen, H. G. 
Seeley, and recently through the research of P. M. Barrett, W. T. 
Blows, A. J. Charig, P. C. Ensom, S. Hutt, D. M. Martill, D. B. Nor- 
man, and J. L. Wright. Much more spectacular though more 
limited in scope, the Early Cretaceous dinosaurs of Belgium, 
inextricably linking the Bernissart iguanodons and the name of 
L. Dollo, remain one of the best investigated of all dinosaurian 
occurrences (viz. Casier 1978; Norman 1987c). Germany has pro- 
vided additional perspectives on Early Cretaceous mass assem- 
blages and other faunal aspects through the work of H. Holder, 
E. Koken, D. B. Norman, and K. Oekentorp. Elsewhere in Europe, 
dinosaurian faunas appear to have a more differentiated com- 


position. In France, these have been studied principally by H.-E. 
Sauvage, A. F. de Lapparent, V. Stchepinsky, E. Buffetaut, J. Le 
Loeuff, and V. Martin, and in Spain and Portugal by, among 
many others, L. M. Aguirrezabala, A. Buscalioni, J. 1. Canudo, 
M. L. Casanovas, C. A. Meyer, J. J. Moratalla, B. Perez-Moreno, 
N. H. Platt, J. 1. Ruiz-Omenaca, B. Sanchiz, J. V. Santafé, J. L. 
Sanz, X. Pereda-Suberbiola, and L. I. Viera. Finally, three dino- 
saur occurrences, less well known, deserve mention. One, from 
western Romania, was originally worked by T. Jurcsak and E. Popa, 
and later by M.J. Benton and co-workers. Another, in Croatia, is 
known through the work of F. M. Dalla Vecchia. Finally, C. Dal 
Sasso and M. Signore (1998) announced a new theropod skele- 
ton from Italy that also has exceptionally well-preserved soft 
tissue. 
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10.4. NORTH YORKSHIRE, ENGLAND 


1. Speeton Clay (Norman and Barrett 2003) 


1993; Pereda-Suberbiola and Barrett 


10.17. ISLE OF WIGHT, ENGLAND 
1999; Upchurch, pers. comm.) 


1. Wessex Formation (= Wealden Marls; 


i Theropoda 
setae i a Hulke 1874b, 1881; Lydekker 18894, 
Iguanodontia Avialae 
‘ Hesperornithiformes 1890c; Van Straelen 1928; Galton 1971c, 
ee enema iorni i 1975; Charig 1980; Delair and Sarjeant 
cf. fittoni) Enaliornis barretti ; ; 


1985; Blows 1987, 1995; Norman 1990b; 
Howse and Milner 1993; Le Loeuff 1993; 
Insole and Hutt 1994; Benton and 
Spencer 1995; Barrett 1996b; Hutt et al. 
1996, 2001; Martill and Hutt 1996; 
Wright et al. 1998; Naish 2000; Blows 


Enaliornis sedgwicki 
Sauropoda indet. (= Acanthopholis 
platypus partim, 
Macrurosaurus semnus) 
Ornithischia indet. (= Acanthopholis 
eucercus) 


Age: Berriasian (Rawson et al. 1978) 


10.7. DORSET, ENGLAND 


1. Lower Purbeck Beds (= lower Lulworth 
Formation; Galton 1980e; Clements 


558 


1993; Ensom 1995; Norman and Barrett 


Ankylosauria incertae sedis 


2001b; Martill and Naish 2001; Naish and 


Re a sade Anoplosaurus curtonotus Martill 2002; Upchurch, pers. comm.) 
peers cis : Nodosauridae indet. Theropoda ; 
A i Berriasian (Allen and Wimbledon psp a idee MeCN IRS enna ni ii 
Be: 1991) Acanthopholis macrocercus P alent Salone 
: 2 partim, A. platypus partim, PINOsauTidae 
: : Anoplosaurus major partim, Tyrannosauroidea 
Formation; Owen 1861b, 1874; Delair Eotyrannus lengi 
Eucercosaurus tanyspondylus, cf 
1959; Galton 1978, 1980e; Clements Coelurosauria 
; Syngonosaurus macrocercus) 
1993; Ensom 1995, 1997; Wright et al. Aristosuchus pusillus 


1998; Wright 1999; Milner 2003; 
Norman and Barrett 2003) 
Theropoda indet. (= Megalosaurus 


Ornithopoda 
Ornithopoda indet. (= Acanthopholis 
macrocercus partim, 
A. stereocercus partim, 


Oviraptorosauria indet. 
(= Thecocoelurus daviesi) 
Theropoda indet. (including 


Theropod Pa Anoplosaurus major partim) Calamospondylus foxi, 

Sauro a tracks Hadrosauridae indet. (= Trachodon Megalosaurus dunkeri, 
: i cantabrigiensis) Megalosaurus sp.) 

seein ?Dromaeosauridae indet. 


Nodosauridae indet. 


Age: late Albian (reworked into 
Cenomanian; Rawson et al. 


(= Ornithodesmus cluniculus) 


?Nodosaurid tracks Sauropoda 
Ornithopoda =) i i i i 
ee eae aiee 2. Lower Greensand (Keeping 1883; Diplodocidae indet. 
Echinodon becklesii Bate wmpunh data) aero i 
: Sauropoda indet. (=?Pelorosaurus sp.) Ornithopsis hulkei 
Iguanodontia Undescribed titanosauriform 


Camptosaurus hoggi 
Euornithopod tracks 
?Dinosaur eggs 
Age: Berriasian (Allen and Wimbledon 
1991) 


Euornithopod tracks 
Dinosaur tracks 
Age: late Barremian-early Aptian 
(Rawson et al. 1978) 


5. Lower Greensand (Blows 1987) 


Ankylosauria incertae sedis 
Polacanthus foxii 
Age: late Aptian (Rawson et al. 1978) 


10.9. CAMBRIDGESHIRE, ENGLAND 


1. Cambridge Greensand (Seeley 1869, 
1876, 1879; Lydekker 1888a; Le Loeuff 


Ornithopoda 
Iguanodontia indet. 
Age: late Aptian (Rawson et al. 1978) 


10.10. BEDFORDSHIRE, ENGLAND 


I0O.II. OXFORDSHIRE, ENGLAND 


1 


. Lower Greensand (Benton and Spencer 


1995) 
Dinosauria indet. 
Age: late Aptian (Rawson et al. 1978) 


10.14. WILTSHIRE, ENGLAND 


i 


Upper Purbeck Beds (Huddleston 1876; 

Delair 1973) 

Theropoda indet. (= Megalosaurus sp.) 

Age: Berriasian (Allen and Wimbledon 
1991) 
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Sauropoda incertae sedis 
Oplosaurus armatus 
Sauropoda indet. (= Chondrosteosaurus 
gigas, Bothriospondylus 


1. Potton Sands (reworked; Seeley 1874; magnus, Eucamerotus foxi, 

- Upper Purbeck Beds (Ensom 1995) Galton 1981a; Benton and Spencer Titanosaurus valdensis, 
Theropoda tracks 1995; Barrett and Upchurch, unpubl. Cetiosaurus brevis, 
Ankylosaur tracks data) Cetiosaurus sp., Pleurocoelus 
Omithopoda tracks ; Theropoda indet. (=?Megalosaurus sp.) valdensis) 

Age: Berriasian (Allen and Wimbledon Sauropoda Sauropod tracks 
, wae, , Titanosauriformes indet. ?Stegosauria indet. 

. “Wealden Beds” (Delair 1966; Ensom Stegosauria Ankylosauria incertae sedis 
1995) Stegosauridae Polacanthus foxii (including 
Theropoda Craterosaurus pottonensis Polacanthus becklesi) 

Theropoda indet. (= Megalosaurus sp.) Ornithopoda Polacanthus sp. 

Theropod tracks Iguanodontia Nodosaurid indet. (including 
?Sauropoda indet. Iguanodon cf. bernissartensis Polacanthoides ponderosus) 
Ornithopoda ; Age: Early Cretaceous (reworked into late ?Ankylosaurian tracks 

Iguanodontia Aptian-early Albian; Rawson Ornithopoda 

Iguanodon sp. et al. 1978) Euornithopoda 


Euornithopod tracks 
Hypsilophodon foxii 
Hypsilophodon sp. 
Iguanodontia 
Valdosaurus canaliculatus 
(including Camptosaurus 
valdensis) 
Iguanodon bernissartensis 
(including I. seeleyi) 
Iguanodon atherfieldensis 
(including Sphenospondylus 
gracilis, Vectisaurus valdensis) 
Iguanodon sp. 


Pachycephalosauria 
Yaverlandia bitholus 
?Dinosaur eggs (questionable; Carpenter 
and Alf 1994) 
Age: Barremian (Rawson et al. 1978) 

. Vectis Formation (= Wealden Shale; 
Norman 1986; Blows 1987; Wright et al. 
1998; Hutt et al. 2001) 

Theropod 
Theropoda indet. (= Calamospondylus 
oweni) 
Theropod tracks 
Ankylosauria incertae sedis 
Polacanthus foxii 
Ornithopoda 
Euornithopoda 
Hypsilophodon foxii 
Euornithopoda indet. 
Euornithopod tracks 
Iguanodontia 
Iguanodon atherfieldensis 
Age: Barremian-early Aptian (Allen and 
Wimbledon 1991) 

. Lower Greensand (Casey 1961; Blows 
1987; Benton and Spencer 1995) 
Ankylosauria incertae sedis 

Polacanthus foxii 
Ornithopoda 
Iguanodontia 
Iguanodon sp. 
Age: late Aptian (Rawson et al. 1978) 

10.18. WEST SUSSEX, ENGLAND 

1. Hastings Beds (= lower Wealden Group; 
Lydekker 1890a; Harrison and Walker 
1973; Galton 1975, 1985c; Norman 
1987b, 1990b; Barrett and Upchurch 
1995b; Benton and Spencer 1995; Barrett 
1996b; Upchurch, pers. comm.) 
Theropoda 

Theropoda indet. (= Megalosaurus 
dunkeri) 
?Avialae indet. (= Wyleyia valdensis) 
Theropoda indet. (=Megalosaurus oweni) 
Sauropoda 
Titanosauriformes incertae sedis 
Pelorosaurus conybearei 
Sauropoda indet. (= Pleurocoelus 
valdensis, Cetiosaurus brevis) 
Stegosauria indet. (= Regnosaurus 
northamptoni) 
Ankylosauria incertae sedis 
Hylaeosaurus armatus 
Ornithopoda 
Euornithopoda 
Euornithopoda indet. 
Iguanodontia 
Valdosaurus canaliculatus 
Iguanodon anglicus (including 
Cetiosaurus brevis, 
Streptospondylus major) 
Iguanodon ? bernissartensis 
Iguanodon sp. 
Age: late Berriasian-Valanginian 
(Rawson et al. 1978) 

. Weald Clay (= upper Wealden Group; 
Norman 1987b; Benton and Spencer 
1995; Blows 1996) 

Ankylosauria incertae sedis 


Polacanthus rudgwickensis 
Ornithopoda 
Iguanodontia 
Iguanodon atherfieldensis 
Iguanodon bernissartensis 
Iguanodon sp. 
Age: Barremian (Rawson et al. 1978) 


10.19. EAST SUSSEX, ENGLAND 


1. Hastings Beds (= lower Wealden Group; 
Lydekker 1889f, 1892, 1893c; Delair 
and Sarjeant 1985; Norman 1987b; 


Woodhams and Hines 1989; Barrett and 


Upchurch 1995b; Benton and Spencer 
1995; Upchurch 1995, pers. comm.; 


Barrett 1996b; Naish 1999b, 1999c, 2003; 


Blows 2001b) 
Theropoda 
Tetanurae 
Becklespinax altispinax 

Allosauroidea indet. 

Theropoda indet. (including 
Megalosaurus dunkeri, 
Megalosaurus sp.) 

Theropod tracks 

Sauropoda indet. (= Cetiosaurus brevis, 
Cetiosaurus sp., Ornithopsis 
hulkei, Pleurocoelus valdensis, 
Pelorosaurus becklesii) 

Thyreophora 

Thyreophora indet. 

?Stegosauria indet. 

Ankylosauria incertae sedis 

Hylaeosaurus armatus 
Nodosauridae indet. 

Ornithopoda 

Euornithopoda 

Euornithopod tracks 

Iguanodontia 

Iguanodon dawsoni 
Iguanodon fittoni (including 

I. hollingtoniensis) 
Iguanodon sp. 

Age: late Berriasian-Valanginian 
(Rawson et al. 1978) 

2. Weald Clay (= upper Wealden Group; 

Norman 1987b) 

Ornithopoda 

Iguanodontia 

Iguanodon atherfieldensis 
Iguanodon sp. 

Age: Hauterivian-Barremian (Rawson 
et al. 1978) 

3. Purbeck Limestone Formation (Benton 

and Spencer 1995) 

Theropoda indet. (= Megalosaurus sp.) 

Age: Berriasian (Allen and Wimbledon 
1991) 


10.20. SURREY, ENGLAND 


1. Weald Clay (= upper Wealden Group; 
Rivett 1953, 1956; Delair and Sarjeant 
1985; Charig and Milner 1986; Benton 
and Spencer 1995) 

Theropoda 
Spinosauridae 
Baryonyx walkeri 
Sauropoda 
?Lithostrotia indet. 


Ornithopoda 
Iguanodontia 
Iguanodon atherfieldensis 
Iguanodon bernissartensis 
Iguanodon sp. 
Euornithopod tracks 
Age: Barremian (Rawson et al. 1978) 


10.21. KENT, ENGLAND 


ule 


Hastings Beds (= lower Wealden Group; 

Seeley 1882; Lydekker 1889c; Norman 

1987b; Benton and Spencer 1995) 

?Dinosauria indet. (= Thecospondylus 
horneri) 

Theropoda 

Avetheropoda incertae sedis 
Valdoraptor oweni (= Megalosaurus 

oweni) 

Theropoda indet. (= Megalosaurus sp.) 
Sauropoda indet. (= Ornithopsis sp.) 
Ornithopoda 

Iguanodontia 

Iguanodon sp. 
Age: late Berriasian-Valanginian 
(Rawson et al. 1978) 


. Lower Greensand (Owen 1884; Casey 


1961; Pereda-Suberbiola and Barrett 

1999) 

Sauropoda indet. (= Dinodocus mackesoni) 

Ankylosauria indet. (= Acanthopholis 
horridus, Camptosaurus sp.) 

Ornithopoda 

Iguanodontia 
Iguanodon atherfieldensis 

Age: middle Aptian-early Albian 

(Rawson et al. 1978) 


II.2. PROVINCE DE LA HAINAUT, 


R 


BELGIUM 


. Wealden (Dollo 1882, 1883a, 1883b, 


1884, 1909, 1923; Dames 1884; Bertrand 
1903; Norman 1986) 
Theropoda indet. (= Megalosaurus 
dunkeri) 
Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
Iguanodon atherfieldensis 
Dinosaur coprolites 
Age: Barremian-Aptian (Taquet 1976; 
Norman 1980) 


14.2. DEPARTEMENT DE LA HAUTE-MARNE, 


R 


FRANCE 


. Calcaire a spatangue Formation 


(Lapparent and Stchepinsky 1968; 
Martin and Buffetaut 1992) 
Ornithopoda 
Iguanodontia 
Iguanodon atherfieldensis 
Age: Hauterivian (Lapparent and 
Stchepinsky 1968) 
Argiles a plicatules Formation 
(Lapparent and Stchepinsky 1968; 
Martin and Buffetaut 1992) 
Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
Iguanodon atherfieldensis 
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Age: early Aptian (Lapparent and 
Stchepinsky 1968) 

3. Gres et sables piquetés Formation 
(Martin and Buffetaut 1992) 
Ornithopoda 

Iguanodontia 
Iguanodon bernissartensis 
Age: late Barremian (Martin and 
Buffetaut 1992) 


14.6. DEPARTEMENT DE L’AIN, FRANCE 
1. Unnamed unit (Mojon 2001) 


Theropoda indet. 
Age: early Berriasian (Mojon 2001) 


14.7. DEPARTEMENT DU GARD, FRANCE 


1. Unnamed unit (Buffetaut et al. 1991; 
Pérez-Moreno et al. 1993) 
Theropoda 
Carnosauria 
Unnamed allosauroid 
Age: Valanginian (Buffetaut et al. 1991) 


I4.2I. DEPARTEMENT DE LA SEINE- 
MARITIME, FRANCE 
1. Unnamed unit (Buffetaut 1984) 
Sauropoda indet. 
Age: Albian (Buffetaut 1984) 


14.22. DEPARTEMENT DU PAS-DE-CALAIS, 
FRANCE 
1. Unnamed unit (Lapparent 1967) 
Theropoda indet. (= Megalosaurus 
insignis) 
Age: Valanginian (Lapparent 1967; 
Buffetaut et al. 1991) 
2. Unnamed unit (Sauvage 1876a) 
Theropoda incertae sedis 
Erectopus superbus 
Age: Albian (= Gault; Huene 1932) 


14.26. DEPARTEMENT DE LA MEUSE, 
FRANCE 

1. Argiles ostréenne (Lapparent and 
Stchepinsky 1968; Martin and Buffetaut 
1992) 

Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
Age: early Barremian (Lapparent and 
Stchepinsky 1968) 

2. Gres et sables piquetés (Lapparent and 
Stchepinsky 1968; Damotte et al. 1978; 
Martin and Buffetaut 1992) 
Sauropoda indet. 

Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
Age: late Barremian (Lapparent and 
Stchepinsky 1968) 

3. Unnamed unit (Barrois 1875; Sauvage 
1882; Huene 1926a, 1932; Lapparent 
1967; Buffetaut et al. 1991) 

Theropoda 
Tetanurae 
Erectopus sauvagei 
Erectopus superbus (= Megalosaurus 
superbus partim) 


Theropoda indet. 
(= Megalosaurus sp.) 
Age: Albian (Lapparent 1967) 
4. Argiles du Gault (Martin et al. 1993) 
Sauropoda indet. 
Age: middle Albian (Magniez 1980) 


14.28. DEPARTEMENT DE L’AUBE, FRANCE 
1. Sables verts de l’Albien (Buffetaut 1995b; 
Knoll et al. 2000) 
Sauropoda indet. 
Ankylosauria indet. 


Age: early Albian (Buffetaut 1995b; 
Knoll et al. 2000) 


14.29. DEPARTEMENT DE L’OISE, FRANCE 
1. Unnamed unit (Lapparent 1946, 1967) 


Sauropoda indet. 
Age: Albian (Lapparent 1967) 


14.30. DEPARTEMENT DES ARDENNES, 
FRANCE 


RP 


. Unnamed unit (Barrois 1875; Lapparent 
1967; Buffetaut et al. 1991; Buffetaut 
1995b) 

Theropoda indet. (= Megalosaurus sp.) 
Age: Albian (Lapparent 1967) 


14.31. DEPARTEMENT DU VAUCLUSE, 
FRANCE 
1. Grés vert (Gervais 1852; Le Loeuff 1993) 
Sauropoda indet. (= Aepysaurus 
elephantinus) 
Age: Albian (Buffetaut et al. 1991) 


14.32. DEPARTEMENT DES ALPES DE 
HAUTE-PROVENCE, FRANCE 
1. “Bevons” beds (Accarie et al. 1995) 
Theropoda 
Ceratosauria 
Genusaurus sisteronis 
Age: Albian (Accarie et al. 1995) 


15.3. PROVINCIA DE VALENCIA, SPAIN 


1. Unnamed unit (Royo y Gomez 1925; 
Bataller 1960) 
Tetanurae indet. (= Megalosaurus cf. 
dunkeri, Megalosaurus sp.) 
Sauropoda indet. (= Cetiosaurus sp.) 
Age: Valanginian-Barremian (i.e., 
= Wealden; Bataller 1960) 
2. El Collado Formation (Casanovas- 
Cladellas 1992; Casanovas-Cladellas et al. 
1993b, 1995c; Cuenca Bescés et al. 1997) 
Theropoda indet. 
Sauropoda indet. (= Camarasauridae 
indet.) 
Stegosauria 
Stegosauridae 
Dacentrurus armatus 
Age: Hauterivian-Aptian (Sanz 1996) 


15.4. PROVINCIA DE TERUEL, SPAIN 
1. Urbion Group (Casanovas et al. 1995) 
Theropod tracks 
Sauropod tracks 
Age: late Berriasian-Hauterivian 
(Casanovas et al. 1995) 
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15.5. PROVINCIA DE VIZCAYA, SPAIN 


1. Monte Grande Formation (Moratalla et 
al. 1994a) 
Sauropod tracks 
Age: Albian (Moratalla et al. 1994a) 


15.6. PROVINCIA DE BURGOS, SPAIN 


1. Rupelo Formation (Platt and Meyer 1991) 
Sauropod tracks 
Euornithopod tracks 
Age: Berriasian (Platt 1989) 

2. Urbion Group (Sanz 1983; Platt and 
Meyer 1991; Sanz et al. 1992; 
Bengoechea et al. 1993; Moratalla et al. 
1994b; Pereda-Suberbiola et al. 1999) 
Theropoda 

Maniraptora indet. 
Theropod tracks 
Sauropoda 
Sauropoda indet. 
Ankylosauria incertae sedis 
Polacanthus sp. 
Nodosauridae indet. 
(=cf. Hylaeosaurus sp.) 
Ankylosaur tracks 
Ornithopoda 
Iguanodontia 
Iguanodon atherfieldensis 
Euornithopod tracks 
Age: Barremian-Aptian (Pereda- 
Suberbiola et al. 1999) 
. Tera-Beds (Maisch 1997) 
Theropoda indet. 
Ornithopoda 
Euornithopoda 
Euornithopoda indet. 
Iguanodontia 
Iguanodon cf. fittoni 
Age: Berriasian-Valanginian (Maisch 
1997) 
4. Piedrahita de Muno Formation (Platt 
and Meyer 1991) 
Theropod tracks 
Age:?Valanginian-Barremian (Platt 1989) 


w 


15.7. PROVINCIA DE LA RIOJA, SPAIN 


1. Urbion Group (Casanovas et al. 1995) 
Theropod tracks 
Sauropod tracks 
Ornithopod tracks 
Age: late Berriasian-Hauterivian 

(Casanovas et al. 1995) 
2. Unnamed unit (Viera 1991) 
Ornithopoda 
Iguanodontia 
Iguanodon atherfieldensis 
Age: Valanginian (Viera 1991) 

3. Castellar Formation (Estes and Sanchiz 
1982; Sanz 1982; Buscalioni and Sanz 
1984, 1987; Casanovas-Cladellas 
et al. 1984, 1994; Sanz et al. 1984a, 1984b, 
1984c, 1987; Kohring 1990; Cuenca et al. 
1993; Zinke and Rauhut 1994; Canudo 
et al. 1996c, 1997; Amo Sanjuan et al. 
2000; Ruiz-Omenaca et al. 1998a, 1998b; 
Cuenca-Bescés et al. 1999a, 1999b; Royo- 
Torres et al. 1999; Canudo et al. 2001) 


Theropoda 
Coelurosauria indet. 
?Troodontidae indet. 
(=?Paronychodon sp.) 
Dromaeosauridae indet. 
Theropoda indet. 
Theropod tracks 
Sauropoda 
Eusauropoda incertae sedis 
Aragosaurus ischiaticus 
?Titanosauriformes indet. 
(= “Pleurocoelus” sp.) 
Sauropoda indet. (= Camarasaurus sp.) 
Sauropod tracks 
Ornithischia indet. (=?Echinodon sp.) 
Stegosauria indet. 
Ornithopoda 
Euornithopoda 
cf. Hypsilophodon sp. 
Iguanodontia indet. (= Iguanodon 
cf. atherfieldensis) 
Euornithopod tracks 
Dinosaur eggs 
Age: late Hauterivian-early Barremian 
(Cuenca-Bescés et al. 1999b) 

. Camarillas Formation (Buscalioni and 
Sanz 1984, 1987; Sanz et al. 1984a, 
1984b, 1984c, 1987; Canudo et al. 1996c, 
1997, 1999; Ruiz-Omenaca et al. 1998a, 
1998b) 

Theropoda 
Coelurosauria indet. 
Dromeosauridae indet. 
Theropoda indet. 
Sauropoda 
Titanosauriformes indet. (including 
cf. Pleurocoelus sp.) 
Ornithischia indet. (= Echinodon sp.) 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Euornithopoda 
Hypsilophodon foxii 
Euornithopoda indet. (including 
cf. Hypsilophodon sp.) 
Iguanodontia 
cf. Valdosaurus sp. 
Iguanodon bernissartensis 
Iguanodon cf. atherfieldensis 
Dinosaur eggs 
Age: early Barremian (Canudo et al. 
1996a, 1996b) 

. Blesa Formation (Cuenca-Bescés et al. 
1997, 1999a, 1999b; Ruiz-Omenaca et al. 
1997; Amo 1998) 

Theropoda indet. 
Sauropoda indet. (= Camarasauridae 
indet.) 
Ornithopoda 
Euornithopoda 
Iguanodontia 
Iguanodon sp. 
Iguanodontia indet. 
Euornithopoda indet. 
Dinosaur coprolites 
Dinosaur eggs 
Age: early Barremian (Ruiz-Omefiaca 
et al. 1997) 


6. Artoles Formation (Ruiz-Omenaca and 


Cuenca-Bescoés 1995; Cuenca-Bescos et 
al. 1996, 1997; Ruiz-Omenaca et al. 1996, 
1998a, 1998b; Canudo et al. 1997) 
Theropoda 

Spinosauridae indet. 

(= Baryonychidae indet.) 
Coelurosauria indet. 
Dromaeosauridae indet. 

Theropoda indet. 
Sauropoda 
Titanosauriformes indet. 
Sauropoda indet. 
Ornithopoda 
Euornithopoda 
Euornithopoda indet. 
Iguanodontia 
Iguanodon sp. 
Iguanodontia indet. 
Age: late Barremian (Ruiz-Omeniaca 
et al. 1996) 


7. Alacon Formation (Auqué Sanz et al. 


1986; Canudo et al. 1999) 

Sauropoda tracks 

Euornithopoda tracks 

Age: late Barremian (Canudo et al. 1999) 


. Calizas y margas de Xert Formation 


(Royo-Torres and Canudo 1999; Canudo, 
pers. comm.) 
Sauropoda 
Titanosauriformes indet. 
Age: early Aptian (Royo-Torres and 
Canudo 1999) 


. Forcall Formation (Ruiz-Omenaca et al. 


1997) 

Theropoda indet.? 

Age: early Aptian (Ruiz-Omeniaca et al. 
1997) 


10. Enciso Group (Casanovas-Cladellas 


1 


= 


and Santafé-Llopis 1971, 1974; Viera 
and Torres 1979, 1992, 1996; Viera 
and Aguirrezabala 1982, 1984; 
Aguirrezabala et al. 1985; Casanovas- 
Cladellas et al. 1985a, 1985b, 1990a, 
1990b, 1991a, 1992d, 1993a, 1993b, 
1994, 1995; Sanz et al. 1985; Martin 
Escorza 1986; Moratalla et al. 1988a, 
1988b, 1988c, 1992a, 1992b, 1993, 
1994a, 1996, 2000; Casanovas et al. 
1989a, 1989b; Moratalla and Sanz 1992; 
Pérez Lorente 1993; Torres and Viera 
1994; Moratalla 2000a, 2000b, 2000c, 
2000d, 2000e, 2000f, 2000g, 2000h) 
Theropod tracks (including ?avialan 
tracks) 

Sauropod tracks 
Ornithopoda 

Euornithopoda 

Hypsilophodon foxii 

Euornithopod tracks 

Iguanodontian tracks 
Age: Aptian (Wright et al. 1998) 

. Escucha Formation (Vilanova 1873; 
Royo y Gomez 1926; Cuenca-Bescos 
et al. 1999a, 1999b) 

Ornithopoda 
Iguanodontia 
Iguanodon sp. 


Age: Aptian (Cuenca-Bescos et al. 
1999a, 1999b) 


12. Unnamed unit (Calderon 1876; Bataller 


1960) 
Ornithopoda 
Iguanodontia 
Iguanodontia indet. (= Iguanodon sp.) 
?Hadrosauridae indet. 
(= Trachodon sp.) 
Age: Early Cretaceous (Bataller 1960) 


13. Unnamed unit (Lapparent et al. 1969) 


Ornithopoda indet. (= Iguanodon sp.) 
Sauropoda indet. 
Age: Hauterivian-Berremian 
(= Wealden, Lapparent et al. 
1969) 


15.8. PROVINCIA DE LLEIDA, SPAIN 


1 


La Pedrera de Rubies Lithographic 
Limestones Formation (G6mez Pallerola 
1979, 1986; Barale et al. 1984; Lacasa- 
Ruiz 1985, 1989, 1991; Sanz et al. 1988, 
1997a) 
Theropoda 
Avialae 
Enantiornithes 
Noguerornis gonzalezi 
Enantiornithes indet. 
Avialae indet. (including Ilerdopteryx 
viai) 
Age: late Berriasian-early Barremian 
(Brenner et al. 1974) 


15.9. PROVINCIA DE CUENCA, SPAIN 


il 


w 


Unnamed unit (Sanz 1986) 
Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
Age: Valanginian-Hauterivian (Sanz 
1986) 


. Unnamed unit (Francés and Sanz 1989) 


Theropoda indet. 
Sauropoda indet. 
Ornithopoda 
Iguanodontia 
Iguanodon sp. 
Age: Hauterivian-Barremian (Francés 
and Sanz 1989) 


. Unnamed unit (Lapparent et al. 1969) 


Theropoda indet. 

Sauropoda indet. 

Age: Valanginian-Barremian 
(i.e., = Wealden; Lapparent 
et al. 1969) 


. Calizas de La Huergina Formation 


(Sanz et al. 1988, 1995, 1996; Sanz and 
Buscalioni 1992; Sanz and Bonaparte 
1992; Pérez-Moreno et al. 1994; Krebs 
1995; Pérez-Moreno and Sanz 1995; 
Rauhut and Zinke 1995; Rauhut 2002) 
Theropoda 
Theropoda incertae sedis 
cf. Ricardoestesia sp. 
Ornithomimosauria 
Pelecanimimus polyodon 
?Troodontidae indet. (including 
cf. Euronychodon sp., 
cf. Paranychodon sp.) 
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?Dromaeosauridae indet. 
Avialae 
Enantiornithes 
Concornis lacustris 
Eoalulavis hoyasi 
Iberomesornis romerali 
Theropoda indet. 
Sauropoda indet. (including 
Brachiosauridae indet.) 
Ornithopoda 
Euornithopoda indet. 
Iguanodontia 
Iguanodon sp. 
Age: late Barremian (Frengenal-Martinez 
and Meléndez 1995; Rauhut 
and Zinke 1995) 


15.10. PROVINCIA DE CASTELLON, SPAIN 


1. Arcillas de Morella Formation (Royo y 
Goémez 1918, 1921, 1926; Bataller 1960; 
Santafé-Llopis et al. 1979, 1981, 1982; 
Santafé et al. 1981; Sanz et al. 1983 
[including Capas Rojas Formation]) 
Theropoda indet. 

Sauropoda indet. (including 
Brachiosauridae indet.) 
Ankylosauria 
?Nodosauridae indet. 
Ornithopoda 
Euornithopoda 
Hypsilophodon sp. 
Iguanodontia 
Iguanodon bernissartensis 
Age: early Aptian (Canerot 1974; Canerot 
et al. 1982) 


16.2. DISTRITO DO SANTAREM, PORTUGAL 


1. Conglomerados de Caranguejeira 
(Sauvage 1897-98; Lapparent and 
Zbyszewski 1957) 

Theropoda indet. (= Morosaurus marchei) 

Sauropoda indet. (= Pelorosaurus 
humerocristatus) 

Age: Aptian-Cenomanian (Manupella 
et al. 2000) 


16.4, DISTRITO DE LISBOA, PORTUGAL 


1. Unnamed unit (Galton 1980a; Mateus, 
pers. comm.) 
Ankylosauria incertae sedis 
Dracopelta zbyszewskii 
Age: Early Cretaceous (Mateus, 
pers. comm.) 


16.5. DISTRITO DO SETUBAL, PORTUGAL 


1. Unnamed unit (Antunes 1976; Madeira 

and Dias 1983) 

Theropod tracks 

Sauropod tracks 

Euornithopod tracks 

Age: Hauterivian (Antunes 1976) 

2. Gres a Dinosauriens Formation 
(Lapparent and Zbyszewski 1957; Galton 
1981b, 1994; Mateus, pers. comm.) 
Theropoda indet. (including 

Megalosaurus superbus) 
Sauropoda 
Titanosauriformes indet. (= “Astrodon” 
valdensis) 


Ornithopoda 
Iguanodontia 
Iguanodon sp. 
Age: early Barremian (Rey 1972) 


17.1. NIEDERSACHSEN, GERMANY 


1. Obernkirchen Sandstein (= Wealden; 
Meyer 1857; Koken 1887; Ballerstedt 
1922; Nopcsa 1923b; Kuhn 1958b; Sues 
and Galton 1982; McCrea et al. 2001a) 
Theropoda indet. (= Megalosaurus 

dunkeri) 
Theropod tracks 
?Ornithischian tracks 
Ankylosaur tracks 
Ornithopoda 
Euornithopoda 
Euornithopod tracks 
Iguanodontia 
Iguanodon sp. 
Pachycephalosauria 
Stenopelix valdensis 
Age: Berriasian (Schmidt 1969) 


17.8. NORDRHEIN-WESTPHALEN, GERMANY 

1. Unnamed unit (Sachs 1997) 
?Ankylosauria 

?Nodosauridae indet. 
Age: Berriasian (Sachs 1997) 

2. Wealden (Huckriede 1982; Hélder and 
Norman 1986; Norman 1987b) 
Theropoda indet. (= Megalosaurus sp.) 
Ornithopoda 

Euornithopoda 
?Euornithopoda indet. 
(= Hypsilophodon sp.) 
Iguanodontia 
Iguanodon atherfieldensis 
Iguanodon bernissartensis 
Age: Aptian (Huckriede 1982) 


18.6. KANTON UNTERWALDEN, 
SWITZERLAND 


PR 


. Upper Schrattenkalk Formation (Meyer, 
pers. comm.) 
Euornithopod tracks 
Age: late Aptian (Meyer, pers. comm.) 


19.4. REGIONE FRIULI-VENEZIA GIULIA, 
ITALY 
1. Calcare di Cellina Formation (Dalla 
Vecchia and Venturini 1995, 1996; 
Venturini 1995; Dalla Vecchia 1997a, 
1998b, 1999a) 
Theropod tracks 
Sauropod tracks 
Age: late Hauterivian-early Barremian 
(Dalla Vecchia and Venturini 
1995) 


19.7. REGIONE CAMPANIA, ITALY 


1. “Calcari selciferi ed ittiolitiferi di 
Pietraroia” (Dal Sasso and Signore 1998) 
Theropoda 
Coelurosauria incertae sedis 
Scipionyx samniticus 
Age: early Albian (Catenacci and 

Manfredini 1963; Bravi 
1996) 
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19.8. REGIONE PUGLIA, ITALY 


1. San Giovanni Rotondo Formation 
(Gianolla et al. 2000) 
Theropod tracks 
?Ornithopod tracks 
Age: Hauterivian-Barremian (Gianolla 
et al. 2000) 


21.1. BORNHOLM AMT, DENMARK 


1. Unnamed unit (Christiansen and Bonde 
2003) 
Theropoda 
Dromaeosauridae indet. 

(= Dromaeosauroides 
barnhomensis) 

Age: Valanginian-Barremian (= Wealden 
equivalent; Christiansen and 
Bonde 2003) 


22.1. SVALBARD, NORWAY 


1. Festningen Sandstone (= Helvetiafjellet 
Formation; Lapparent 1962; Edwards 
et al. 1978) 

Theropod tracks 
Euornithopod tracks 
Age: Barremian (Lapparent 1962) 


29.1. JUDETUL BIHOR, ROMANIA 


1. Bauxite of Cornet (Jurcsak and Popa 
1979, 1983; Jurcsdk 1982; Kessler 1984; 
Jurcsadk and Kessler 1985; Kessler and 
Jurcsdk 1986; Benton et al. 1997; Tallodi- 
Posmosanu and Popa 1997; Posmosanu 
2000) 

Theropoda 
Neornithes 
Palaeocursornis corneti 
Eurolimnornis corneti 
?Avialae indet. (= Archaeopteryx sp.) 
Theropoda indet. (= Aristosuchus sp.) 
Ornithopoda 
Euornithopoda 
Hypsilophodon sp. 
Euornithopoda indet. 
(=cf. Thescelosaurus sp.) 
Iguanodontia 
Valdosaurus canaliculatus 
?Iguanodontia indet. 
(= Dryosaurus sp.) 
Iguanodon sp. (=I. mantelli) 
Age: Berriasian-Hauterivian (Patrulius 
et al. 1983) 


29.2. JUDETUL CONSTANTA, ROMANIA 


1. Unnamed unit (Simionescu 1913) 
Theropoda indet. (= Megalosaurus 
cf. superbus) 
Age: Valanginian-Barremian 
(Simionescu 1913) 


28.1. ISTARSKA ZUPANIJA, CROATIA 


1. Unnamed unit (Lockley et al. 1994b) 
?Sauropod track 
Age: Berriasian (Tisljar et al. 1983) 

2. Unnamed unit (Dalla Vecchia et al. 2000) 
Theropod tracks 
Sauropod tracks 
Age: Hauterivian (Dalla Vecchia et al. 

2000) 


3. Unnamed unit (Boscarolli et al. 1993; 4. 


Dalla Vecchia 1994, 1997a, 1997b, 
1998a, 1998b, 1999b, 2001a, 2001b) 
Theropoda 


Theropoda indet. 5. 


Sauropoda 
?Camarasauridae indet. 
Titanosauriformes indet. 
Sauropoda indet. (= Histriasaurus 
boscarollii) 


Age: late Hauterivian-early Barremian 6. 


(Boscarolli et al. 1993; Dini 
et al. 1998) 


Asia 


Unnamed unit (Velic and Tislja 1987; Dalla 

Vecchia et al. 1993; Dalla Vecchia 1998b) 

Theropod tracks 

Age: late Barremian (Velic and Tislja 1987) 

Unnamed unit (Gogala and Pavlovec 

1978; Dalla Vecchia and Tarlao 1995) 

?Theropod tracks 

Age: ?late Barremian (Velic and Tislja 
1987; Dalla Vecchia and 
Tarlao 1995) 

Unnamed unit (Bachofen-Echt 1925a, 

1925b; Dalla Vecchia and Tarlao 1995, 

2000; Dalla Vecchia 1997a, 1998b) 


Theropod tracks 

Ornithopod tracks 

Age: late Albian (Velic and Tisljar 1987; 
Tunis and Venturini 2000) 

7. Unnamed unit (Dalla Vecchia et al. 

1993; Dalla Vecchia 1994, 1996a, 

1997a, 1998b; Dalla Vecchia and 

Tarlao 2000) 

Sauropod tracks 

Theropod tracks 

Age: late Albian (Dalla Vecchia et al. 
1993; Tunis and Venturini 
2000) 


Asian records of Early Cretaceous dinosaurs (107 locations, 
producing a 160% increase) compare well with those of the Late 
Cretaceous on this continent as well as elsewhere (figs. 24.7, 
24.16, 24.20, 24.21, and 24.22). Studies of Early Cretaceous 
dinosaurs in northern China and Mongolia include those by 
B. Brown, P. R. Currie, Dong Z.-M., W. Granger, K. Mikhailov, 
H. F. Osborn, E. Schlaikjer, A. K. Rozhdestvensky, D. A. Russell, 
C.-C. Young, and Zhao Z.-C. But by far the most important dis- 
covery in China, if not the world, was a Lagerstatt in Liaoning 
Province. It is considered by many to be as important as the 
discovery of Archaeopteryx in the last century. Both avialan and 
nonavialan dinosaurs, with and without feathers, are presently 
under investigation by Ji Q., JiS.-A., P. R. Currie, and others. The 


dinosaurs of South Korea, known mostly from ichnofaunas, 
have been studied by H.-M. Kim, S.-K. Lim, and M. G. Lockley, 
among others. In Japan, scattered but intriguing assemblages 
are known through the research of H. Hasegawa, Y. Azuma, 
Y. Tomida, and M. Matsukawa. J. H. Hoffet, E. Buffetaut, R. In- 
gavat, V. Suteethorn, P. Taquet, and R. Allain have conducted 
important work on the Early Cretaceous dinosaurs of Thailand 
and Laos. Finally, Asian Russia, Kazakhstan, Tadzhikistan, Uzbek- 
istan, and Kirghizia have been investigated by A. N. Riabinin, 
A. K. Rozhdestvensky, V. P. Novikov, and L. A. Nessov. (A series 
of ornithopod trackways is reported from Nei Mongol Zizhiqu, 
People’s Republic of China [Gao et al. 1981], but they are dated 
only as Cretaceous in age [location 48.11-15].) 


37.2. YAKUTSKAYA AVTONOMNAYA OBLAST, 
RUSSIA 


a 


. Sangarskaya Svita (Rozhdestvensky 
1973b) 


Ankylosauria 1. 


Ankylosauridae indet. 
Age: Berriasian-Hauterivian 
(= Neocomian; 
Rozhdestvensky 1973b) 


37.3. ULYANOVSKAYA AVTONOMNAYA 
OBLAST, RUSSIA 2 
1. Unnamed unit (Efimov 1997) 
Sauropoda indet. (= Brachiosauridae 
indet.) 
Age: Hauterivian (Efimov 1997) 


37.4. GORNO-ALTAYASKAYA AVTONOMNAYA 
OBLAST, RUSSIA 


1. Shestakovskaya Svita (= Ilekskaya 


Svita; Rozhdestvensky 1955b, 1960a; 3: 


Novikov et al. 1998; Alifanov et al. 1999; 
Leshchinskiy et al. 2001; Averianov 
et al. 2002) 
Theropoda 
?Tyrannosauridae indet. 
Troodontidae indet. 
Dromaeosauridae indet. 
Avialae indet. 
Sauropoda Ti 
Titanosauria indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus mongoliensis 
Psittacosaurus cf. xinjiangensis 
Psittacosaurus sibericus 


Age: Aptian-Albian (Averianov et al. 2002) 


37.5. BURIAT-MONGOLSKAYA 


AVTONOMNAYA OBLAST, RUSSIA 


Turginskaya Svita (Riabinin 1914) 
Theropoda 
Tetanurae incertae sedis 
?Chilantaisaurus sibiricus 
Age: Berriasian-Hauterivian 
(= Neocomian; Osmolska, 
pers. comm.) 


. Murtoi Formation (Riabinin 1937; 


Rozhdestvensky 1970a; Nessov and 

Starkov 1992; Starkov 1999) 

Theropoda indet. (two species?) 

Sauropoda indet. (including cf. 
Chiayusaurus sp.) 

Ankylosauria indet. 

Age: late Barremian-middle Aptian 
(Nessov and Starkov 1992) 

Unnamed unit (Rozhdestvensky 1968b, 

1970b; Kurzanov, pers. comm.) 

Theropoda indet. (=?Therizinosaurus sp.) 

Sauropoda indet. 

Age: Early Cretaceous (Kurzanov, pers. 
comm.; Osmolska, pers. 
comm.) 


38.2. K’ALAK’I K’UT’AISI, GEORGIA 


Unnamed unit (Gabuniya 1951, 1958; 
Kurzanov, pers. comm.) 
Theropod tracks 
Euornithopod tracks 
Age: Berriasian-Hauterivian 
(= Neocomian; 
Rozhdestvensky 1973b) 


39.2. AQTOBE OBLYSY, KAZAKHSTAN 


1. Neocomian Sands (Riabinin 1931b) 
Theropoda indet. (= Embasaurus 
minax) 
Age: Berriasian-Hauterivian 
(= Neocomian; Riabinin 
1931b) 


40.2. SURKHONDARYO WILOYATI, 
UZBEKISTAN 


RP 


. Kiezeltashskaya Formation (Lockley, 
pers. comm.) 
Theropod tracks 
Sauropod tracks 
Age: Hauterivian-Barremian (Lockley, 
pers. comm.) 


40.3. QORAQALPOGHISTON RESPUBLIKASI, 
UZBEKISTAN 
1. Lower Khodzhakul Formation 
(Nessov et al. 1994; Kurochkin 
2000) 
Theropoda 
Avialae 
Ornithurae 
Horezmavis eocretaceous 
Ornithopoda 
Hadrosauridae indet. 
Age: late Albian (Nessov et al. 1994) 


42.1. OSH OBLAST, KIRGHIZIA 


1. Khodzhaosmansk Formation (Nessov 
and Kaznachkin 1986) 
Dinosaur eggs 
Age: Aptian-?Albian (Nessov and 
Kaznachkin 1986) 
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FIGURE 24.20. Late Cretaceous localities in Mongolia (47), People’s Republic of China (48), South Korea (50), and Japan (53). Scale = 600 km. 


43.2. SOUTHWESTERN TADZHIKISTAN 


RP 


(NO OBLAST-LEVEL DIVISION EXISTS 
FOR THIS REGION) 


. Luchak Svita (Lockley, pers. comm.) 


Theropod tracks 
Sauropod tracks 
Age: Albian (Lockley, pers. comm.) 


43.3. VILOYATI KHATLON, 


a 


TADZHIKISTAN 


. Shirabad Svita (McCrea et al. 2001a) 


?Theropod tracks 

?Sauropod tracks 

?Ankylosaur tracks 

Age: Albian (McCrea et al. 2001a) 


47.1. GOV’ALTAI, MONGOLIA 


1 


. Unnamed unit (Nessov and Kaznachkin 


1986) 

Dinosaur eggs 

Age: Berriasian-Hauterivian 
(= Neocomian; Nessov and 
Kaznachkin 1986) 


47.2. KHOVD, MONGOLIA 


1. 


Tsagaantsav Svita (Osmolska, 
pers. comm.) 
Sauropoda indet. 
Ceratopsia 
Psittacosauridae indet. 
Age: Valanginian (Osmolska, 
pers. comm.) 


47.3. BAYANKHONGOR, MONGOLIA 


8 


564 


Ondorukhaa Formation (Kurochkin 
1985, 1991) 


Theropoda 
Avialae 
Ornithurae 
Ambiortus dementjevi (?including 
Holbotia ponomarenkoi) 
Age: Hauterivian-Aptian (Krassilov 1982) 


. Déshuul Formation (Mikhailov et al. 


1994) 
Dinosaur eggs 
Age: Aptian (Mikhailov et al. 1994) 


. Unnamed unit (Kalandadze and 


Kurzanov 1974) 
Ankylosauria 
Ankylosauridae indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus mongoliensis 
Age: Aptian-Albian (Shuvalov 1974) 


. Unnamed unit (Kurochkin 2000) 


Theropoda 
Avialae 
Enantiornithes indet. 
Age: Early Cretaceous (Kurochkin 2000) 


47.4. OMNOGOV’, MONGOLIA 


1. Sainshand Svita (Kurzanov, pers. comm.; 


Osmolska, pers. comm.) 

Dinosaur eggs 

Age: Albian-Cenomanian (Kurzanov, 
pers. comm.; Osmolska, 
pers. comm.) 


2. Unnamed unit (Watabe et al. 2001) 


Theropoda 
Avialae indet. 
Age: Early Cretaceous (Watabe et al. 
2001) 
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47.5. OVORKHANGAI, MONGOLIA 


1. 


Doshuul Formation (Mikhailov et al. 
1994) 

Dinosaur eggs 

Age: Aptian (Mikhailov et al. 1994) 


. Hiihteeg Svita (= Ondai Sair and Oshih 


formations; Osborn 1923a, 1924c; 
Rozhdestvensky 1952a; Martinsson 
and Shuvalov 1973; Coombs 1982; 
Tumanova 1985; Nessov and 
Kaznachkin 1986; Norman 1996; 
Barrett et al. 2002b) 
Theropoda indet. (= Prodeinodon 
mongoliensis) 
Sauropoda 
Sauropoda indet. (= Asiatosaurus 
mongoliensis) 
Ankylosauria 
Ankylosauridae 
Shamosaurus scutatus 
Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
(= Iguanodon orientalis) 
Iguanodontia indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus mongoliensis 
(including Protiguanodon 
mongoliensis, Psittacosaurus 
protiguanodonensis) 
Age: Aptian-Albian (Shuvalov 1974) 


47.6. DUNDGOV’, MONGOLIA 


1. 


Khooldzin Svita (Shuvalov 1974; 
OsmoOlska, pers. comm.) 


50 


60 
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80 


FIGURE 24.21. Middle Jurassic to Late Cretaceous localities in Moskovskaya Oblast, Russia (37), Georgia (38), Kazakhstan (39), 
Uzbekistan (40), Turkmenistan (41), Kirghizia (42), and Tadzhikistan (43). Scale = 600 km. 


Theropoda 
Dromaeosauridae indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus mongoliensis 
Age: Aptian-Albian (Osmolska, 
pers. comm.) 

2. Shinekhudag Svita (= Khooldzin Svita; 
Barsbold and Perle 1984; Norman 
1996) 

Theropoda 
Ornithomimosauria 
Harpymimus okladnikovi 
Ornithopoda 
Iguanodontia 
Iguanodon bernissartensis 
(= Iguanodon orientalis) 
Ceratopsia 
Psittacosauridae 
Psittacosaurus mongoliensis 
Age: late Albian (Hicks et al. 1999) 


47.7. DORNOGOV’, MONGOLIA 


1. Bayan Bologai Formation (Gilmore 
1933b; Coombs 1987) 
?Ankylosauria 

?Ankylosauridae indet. 
Ornithopoda 

?Hadrosauridae indet. 
Age: ?early Berriasian (Morris 1936) 

2. Hithteeg Svita (= Upper Ziiinbayan 
Svita; Barsbold and Perle 1983; Norman 
1998; OsmOlska, pers. comm.) 
Theropoda 

Troodontidae indet. 
Theropoda indet. 


Ankylosauria 
Ankylosauridae 
Shamosaurus scutatus 
Ornithopoda 
Iguanodontia 
Altirhinus kurzanovi 
Ceratopsia 
Psittacosauridae 
Psittacosaurus mongoliensis 
Age: late Albian (Hicks et al. 1999) 


48.1. XIZANG ZIZHIQU, PEOPLE’S REPUBLIC 


BR 


OF CHINA 


. Lura Formation (?= Loe-ein Formation; 


Zhao 1983; Dong 1990b; Sun et al. 1992; 
Zhao unpubl. data) 
Theropoda 
Tetanurae indet. 
?Coelurosauria indet. 
Sauropoda indet. (= cf. Asiatosaurus 
kwangshiensis) 
Stegosauria 
Stegosauridae 
Monkonosaurus lawulacus 
Age: Early Cretaceous (Sun et al. 1992; 
Yao et al., in press) 


. Unnamed unit (Hao et al. 1986) 


Undescribed theropods (two species?) 
Undescribed sauropods 
Age: Early Cretaceous (Hao et al. 1986) 


48.2. SICHUAN, PEOPLE’S REPUBLIC 


OF CHINA 


1. Jianguan Formation (Zhen et al. 1987; 


Lockley and Matsukawa 1998) 
Theropod tracks 


Euornithopod tracks 
Age: Aptian-Albian (Hao and Guan 
1984) 


48.3. YUNNAN, PEOPLE’S REPUBLIC 
OF CHINA 


1. Upper Jingxing Formation (Yeh 1975; 
Zhao 1983) 
Theropoda 
Tyrannosauroidea indet. 
(= Tyrannosaurus 
lanpingensis) 
Age: Berriasian-Hauterivian (Chen 1983) 


48.4. LIAONING, PEOPLE’S REPUBLIC 
OF CHINA 


1. Jiufotang Formation (Sereno et al. 1988; 
Zhou et al. 1992; Dong 1993c; Wang 
et al. 1999a, 1999b; Xu et al. 2000c; 
Zhang et al. 2001; Zhou and Zhang 
2001, 2002a, 2002b, 2003; Ji et al. 2003) 
Theropoda 
Dromaeosauridae 
Microraptor zhaoianus 
Avialae 
Avialae incertae sedis 
Sapeornis chaoyangensis 
Shenzhouraptor sinensis 
Jeholornis prima 
Enantiornithes 
Boluochia zhengi 
Cathayornis yandica 
Eocathayornis walkeri 
Sinornis santensis 
Cathayornis caudatus 
Longchengornis sanyannensis 


DINOSAUR DISTRIBUTION 565 


60 70 80 


180 


160 


170 


FIGURE 24.22. Late Jurassic to Late Cretaceous localities in Yakutskaya Avtonomnaya Oblast (37.2), Gorno-Altayaskaya Avtonomnaya Oblast 
(37.4), Buriat-Mongolskaya Avtonomnaya Oblast (37.5), Yevreyaskaya Avtonomnaya Oblast (37.7), Chukotskiy Avtonomnyy Okrug (37.8), 
Amurskaya Avtonomnaya Oblast (37.10), Sachalinskaya Oblast (37.11), Russia, north-central and eastern Asia. Scale = 600 km. 


Cuspirostrisornis hinfengi 
Largirostrornis sexdentornis 
Songlingornis linghensis 
Longipteryx chaoyangensis 
Ornithurae 
Chaoyangia beishanensis 
Yanornis martini 
Yixianornis grabaui 
Sauropoda indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus meileyingensis 
Psittacosaurus mongoliensis 
Age: Early Cretaceous (Sereno et al. 
1988); Late Jurassic (Wang 
et al. 1999b) 

. Yixian Formation (includes 
Chaomidianzi Formation) (Hou et al. 
1995a; Ji and Ji 1996, 1997; Hou 1997; 
Chen et al. 1998; Ji et al. 1998, 1999, 
2001; Xu and Wang 1998; Chiappe et al. 
1999a; Hou and Chen 1999; Hou et al. 
1999; Wang et al. 1999a; Xu et al. 1999a, 
1999b, 2000a, 2000c, 2001a, 2001b, 
2002a, 2002b, 2002c, 2003; Zhang and 
Zhou 2000; Zhou and Wang 2000; Zhou 
et al. 2000; Currie and Chen 2001; Wang 
and Xu 2001a, 2001b; Xu and Wu 2001; 
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Confuciusornithidae 
Confuciusornis sanctus (including 


Hwang et al. 2002, 2004; Xu and Wang 
2003; Ji et al. 2003; You et al. 2003c; Hou 


et al. 2004) Confuciusornis chuonzhous, 
Theropoda C. suniae) 
Compsognathidae Confuciusornis dui 


Changchengornis hengdaoziensis 
Enantiornithes 


Sinosauropteryx prima 
Huaxiagnathus orientalis 


Therizinosauroidea Protopteryx fengningensis 
Beipiaosaurus inexpectus Eoenantiornis buhleri 
Ornithomimosauria Liaoxiornis delicatus 


Shenzhousaurus orientalis Longirostravis hani 


Maniraptora incertae sedis Ornithurae 

Yixianosaurus longimanus Liaoningornis longidigitus 

Oviraptorosauria Theropoda indet. 

Caudipteryx zoui Sauropoda indet. 
Caudipteryx dongi Ankylosauria incertae sedis 
Incisivosaurus gauthieri Liaoningosaurus paradoxus 
Troodontidae Ornithopoda 

Sinovenator changii Euornithopoda 
Dromaeosauridae Jeholosaurus shangyuanensis 

Sinornithosaurus milllenii Iguanodontia 

Microraptor gui Jinzhousaurus yangi 

Microraptor zhaoianus Ceratopsia 

Undescribed dromaeosaurid Psittacosauridae 


Avialae 
Protarchaeopteryx robusta 
Avialae incertae sedis 
Jibeinia luanhera 


Hongshanosaurus houi 

Psittacosaurus sp. 
Neoceratopsia 

Liaoceratops yanzigouensis 


BIOLOGY 


Dinosaur eggs 

Age: Barremian (Xu and Wang 1998; 
Barrett 2000b; Smith et al. 
2001a; Wang et al. 2001b; 
Swisher et al. 2002) 

3. Sunjiawan Formation (Dong 2002; You 
et al. 2003a) (not plotted) 
Ankylosauria incertae sedis 

Crichtonsaurus bohlini 
Ornithopoda 
Iguanodontia 
Shuangmiaosaurus gilmorei 
Age: Cenomanian-Turonian (Dong 
2002) 


48.5. XINJIANG UYGUR ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


1. Tugulu Group (Dong 1973a, 1992, 1993; 
Sereno and Chao 1988; Shen and Mateer 
1992; Brinkman et al. 2001) 
Theropoda 

Tetanurae incertae sedis 
Kelmayisaurus petrolicus 
Coelurosauria incertae sedis 
Tugulusaurus faciles 
Theropoda indet. (= Phaedrolosaurus 
ilikensis) 
Sauropoda indet. (= Asiatosaurus 
mongoliensis) 
Stegosauria 
Stegosauridae 
Wuerhosaurus homheni 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus xinjiangensis 
Age: ?Valanginian-Albian (Shen and 
Mateer 1992) 
2. Kezilesu Group (Yao et al., in press) 
Ceratopsia 
Psittacosaurus sp. 
Age: Early Cretaceous (Yao et al., 
in press) 


48.6. SHAANXI, PEOPLE’S REPUBLIC 
OF CHINA 
1. Donghe Group (Xue et al. 1996) 
Theropod tracks 
Age: Early Cretaceous (Xue et al. 1996) 


48.7. JILIN, PEOPLE’S REPUBLIC OF CHINA 


1. Tongfosi Formation (Matsukawa et al. 
1995; Lockley and Matsukawa 1998) 
Theropod tracks 
Euornithopod tracks 
Age: Hauterivian (Matsukawa et al. 

1995) 

2. Quantou Formation (Wood et al. 2001) 
Undescribed theropods 
Undescribed ornithischians 
Dinosaur eggs 
Age: ?Aptian (Wood et al. 2001) 


48.8. GANSU, PEOPLE’S REPUBLIC 
OF CHINA 


1. Xinminbao Group (Bohlin 1953; Dong 
1993a, 1997a, 1997b, 1997c; Dong and 
Azuma 1997; Dong and Yu 1997; Li 


1997; Xu 1997; Tang et al. 2001b; You 
et al. 2001, 2003b, 2003c; Barrett et al. 
2002b; You and Dodson 2003) 
Theropoda 
Allosauroidea indet. 
Therizinosauroidea 
?Nanshiungosaurus bohlini 
Undescribed ornithomimid 
Troodontidae 
Sinornithoides sp. 
Dromaeosauridae indet. 
Theropoda indet. 
Sauropoda 
Titanosauria 
Gobititan shenzhouensis 
Titanosauriformes indet. 
(=?Chiayusaurus sp., 
?Mongolosaurus sp.) 
Sauropoda indet. (= Chiayusaurus 
lacustris, Nemegtosauridae 
indet., Mamenchisauridae 
indet.) 
Ankylosauria 
Ankylosauridae indet. 
Ankylosauria indet. (= Stegosaurides 
excavatus) 
Ornithopoda 
Euornithopoda 
Euornithopoda indet. (= Siluosaurus 
zhangqiani) 
Iguanodontia 
Probactrosaurus mazongshanensis 
Equijubus normani 
Ceratopsidae 
Psittacosauridae 
Psittacosaurus mazongshanensis 
Neoceratopsia 
Archaeoceratops oshimai 
Neoceratopsia indet. 
(= Microceratops gobiensis, 
Microceratops sulcidens) 
Age: Barremian-Albian (Tang et al. 
2001b) 
2. Xiagou Formation (Hou and Liu 1984) 
(not plotted) 
Theropoda 
Aves 
Ornithurae 
Gansus yumenensis 
Age: Early Cretaceous (Hou and Liu 
1984) 


48.9. SHANDONG, PEOPLE’S REPUBLIC 
OF CHINA 
1. Qingshan Formation (Wiman 1929; 
Young 1958a; Chao 1962; Dong 1992, 
1993c 
Sauropoda indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus sinensis 
Psittacosaurus youngi 
Age: Aptian-Albian (Mateer, pers. 
comm.) 


48.10. HEBEI, PEOPLE’S REPUBLIC 
OF CHINA 


1. Tujingzi Formation (Dong 1987; Russell 
and Zhao 1996) 


Ceratopsia 
Psittacosauridae 
Psittacosaurus sp. 
Age: early Albian (Russell and Zhao 
1996) 
2. Xiguayuan Formation (You and Azuma 
1995; Lockley and Matsukawa 1998) 


Theropod tracks 
Euornithopod tracks 
Age: Early Cretaceous (You and Azuma 
1995) 
3. Yixian Formation (Yao et al., in press) 
Ceratopsia 


Psittacosaurus sp. 
Age: Barremian (Xu and Wang 1998; 
Barrett 2000b; Smith et al. 
2001a; Swisher et al. 2002) 


48.11. NEI MONGOL ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


R 


. Luohandong Formation (Russell and 
Zhao 1996) 
Ceratopsia 
Psittacosauridae indet. 
Age: ?Valanginian-?Albian (Russell and 
Zhao 1996) 

2. Qagannur Formation (Dong 1992, 

1993c) 

Sauropoda indet. 

Stegosauria indet. 

Age: ?Valanginian-?Albian (Russell and 
Zhao 1996) 

. Zhidan Group (Dong 1993c) 

Ceratopsia 
Psittacosauridae 
Psittacosaurus sp. 
Age: ?Valanginian-?Albian (Russell and 
Zhao 1996) 

4. Jing Chuan Formation (White et al. 
2001; Wright et al. 2001) 

Theropod tracks (including avialan 
tracks) 

Sauropod tracks 

Age: Barremian-Aptian (White et al. 
2001) 

. On Gong Formation (Gilmore 1933b; 
Barrett et al. 2002b; = “Tairum Nor” 
formation, Reeds 1932; Gilmore 1933b; 
= “Shirigu” formation, Reeds 1932) 
Dinosauria indet. 

Theropoda 
Ornithomimidae indet. 
Theropoda indet. 
Sauropoda indet. (= Mongolosaurus 
haplodon) 
Age: Aptian-Albian (i.e., approximately 
equivalent with the Ondai 
Sair Formation; Dong 1993c) 

6. Dashuigou Formation (Chow and 

Rozhdestvensky 1960; Hu 1964; Sun 

et al. 1992; Dong 1993c; Clure 1998b) 

Theropoda 

?Tyrannosauroidea 
“Chilantaisaurus” maortuensis 
Ornithopoda 
Iguanodontia 
Probactrosaurus alashanicus 
Probactrosaurus gobiensis 
Age: Albian (Dong, pers. comm.) 


w 


nn 
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7. Lisangou Formation (Young 1931; 
Cheng 1983) 
Ceratopsia 
Psittacosauridae 
Psittacosaurus guyangensis 
Psittacosaurus osborni 
Xinpongnaobao Formation (Young 
1931) 
Ceratopsia 
Psittacosauridae 
Psittacosaurus osborni 
Age: ?Aptian-Albian (Dong, pers. 
comm.) 
Ulansuhai Formation (Hu 1964; Sun 
et al. 1992; Kobayashi et al. 1999, 2001; 
Vickaryous et al. 2001b; Kobayashi and 
Li 2003) 
Theropoda 
Tetanurae incertae sedis 
Chilantaisaurus tashuikouensis 
Ornithomimosauria 
Sinornithomimus dongi 
Ankylosauria 
Ankylosauridae 
Gobisaurus domoculus 
Ornithopoda 
Iguanodontia indet. 
Age: Aptian-?Albian (Dong, pers. 
comm., contra Dong 1980); 
?early Late Cretaceous 
(Kobayashi and Lii 2003) 
10. Bayin-Gobi Formation (Dong 1993b; 
Russell and Dong 1993a; Russell and 
Zhao 1996) 
Theropoda 
Therizinosauroidea 
Alxasaurus elesitaiensis 
Theropoda indet. 
Sauropoda indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus sp. 
Age: Albian (Russell and Dong 1993a) 
11. Ejinhoro Formation (Dong 1993a, 
1993b; Russell and Dong 1993b; Russell 
and Zhao 1996; Currie and Dong 
2001a) 
Theropoda 
Troodontidae 
Sinornithoides youngi 
Sauropoda indet. (= Diplodocidae 
indet., cf. Chiayusaurus sp.) 
Stegosauria 
Stegosauridae 
Wuerhosaurus ordosensis 
Stegosauridae indet. 
Ceratopsia 
Psittacosauridae 
Psittacosaurus neimongoliensis 
Psittacosaurus ordosensis 
Psittacosauridae indet. 
Age: Early Cretaceous (Dong 1993a) 
12. Unnamed unit (Bohlin 1953) 
Theropoda indet. (= Prodeinodon sp.) 
Ankylosauria indet. (= Sauroplites scutiger) 
Ceratopsia 
Psittacosauridae 
?Psittacosaurus mongoliensis 


~ 


2 
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Age: Early Cretaceous (not younger 
than mid-Aptian; Eberth et 
al. 1993) 
13. Unnamed unit (Li pers. comm.) 
Theropod tracks 
Age: Early Cretaceous (Zhen et al. 1989) 
14. Yijinholuo Formation (Hou 1994) 
Theropoda 
Avialae 
Enantiornithes 
Otogornis genghisi 
Age: Early Cretaceous (Hou 1994) 


48.12. HENAN, PEOPLE’S REPUBLIC 
OF CHINA 
1. Sangping Formation (Xu et al. 2000b) 
Ornithopoda 
Iguanodontia 
Nanyangosaurus zhugeii 
Dinosaur eggs 
Age: ?Albian (Xu et al. 2000b) 


48.13. ZHEJIANG, PEOPLE’S REPUBLIC 
OF CHINA 


1. Jinhua Formation (Tang et al. 2001a) 
Sauropoda 
Titanosauridae 
Jiangshanosautrus lixianensis 
Age: late Early Cretaceous (Tang et al. 
2001a) 


48.14. NINGXIA HUIZU ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


1. Unnamed unit (Dong 1987; Russell and 
Zhao 1996) 
Ceratopsia 
Psittacosauridae 
Psittacosaurus sp. 
Age: ?Valanginian-?Albian (Russell and 
Zhao 1996) 
2. Unnamed unit (Young 1979) 
Dinosaur eggs 
Age: ?Early Cretaceous (Young 1979) 


48.15. SHANXI, PEOPLE’S REPUBLIC 
OF CHINA 


1. Unnamed unit (Young 1958b) 
Theropoda 
Allosauroidea indet. 
Sauropoda indet. 
Age: Early Cretaceous (Mateer, pers. 
comm.) 


48.16. GUANGXI ZHUANGZU ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


1. Napan Formation (Hou et al. 1975; Dong 

1980, 1993c) 

Theropoda indet. (= Prodeinodon 
kwangshiensis) 

Sauropoda indet. (= Asiatosaurus 
kwangshiensis) 

Ornithopoda indet. 

Age: ?Aptian-Albian (?equivalent to 
Oshih Formation; Early 
Cretaceous, Hou et al. 1975) 


48.17. BEIJING MUNICIPAL AREA, 
PEOPLE’S REPUBLIC OF CHINA 


1. Lushangfen Formation (Tian 1994) 


BIOLOGY 


?Sauropoda indet. 
Age: Early Cretaceous (Tian 1994) 


.I. P- YONGAN PUKDO, NORTH KOREA 
, 


1. Sinuiju Series (Lee et al. 2001) 
Theropoda 
?Avialae indet. (= Proornis coreae) 
Age: Early Cretaceous (Lee et al. 2001) 


50.1. KYONGSANG PUKDO, SOUTH KOREA 


1. Chilgog Formation (Kim 1983) 
Sauropoda indet. 
Age: Berriasian-Hauterivian (Choi 1986) 
2. Guyedong Formation (= Dogyedong 
Formation; Kim 1983, 1986; Lee et al. 
2001) 
Theropoda indet. (=?Deinonychus sp.) 
Sauropoda indet. (= Ultrasaurus 
tabriensis) 
Ornithopoda 
?Euornithopoda indet. 
Age: Aptian-Albian (Choi 1985) 
3. Jeomgog Formation (Lee et al. 2001) 
Theropod tracks (including avialan 
tracks) 
Age: Aptian-Albian (Lee et al. 2001) 
4. Geoncheonri Formation (Lee et al. 2001) 
Theropod tracks 
Euornithopod tracks 
Age: Albian (Lee et al. 2001) 
. Sagog Formation (Lee et al. 2001) 
Theropod tracks 
Sauropod tracks 
Euornithopod tracks 
Age: Albian (Lee et al. 2001) 


nn 


50.2. KYONGSANG NAMDO, SOUTH KOREA 


1. Iljig Formation (Kim 1983) 
?Sauropoda indet. 

Age: Berriasian-Hauterivian (Choi 1986) 

2. Jinju Formation (Lee et al. 2001; Lim 
et al. 2001) 

Theropod tracks 
Sauropoda 
Titanosauriformes indet. 
(= Brachiosauridae indet.) 
Euornithopod tracks 
Age: Barremian (Lee et al. 2001) 

3. Hasandong Formation (Kim 1983; Lee 
et al. 2000, 2001; Paik 2000; Park et al. 
2000; Dong et al. 2001; Barrett et al. 
2002b) 

Theropoda indet. 
Theropod tracks 
Sauropoda 
Sauropoda indet. (= Chiayusaurus 
asianensis, Pukyongosaurus 
millenniumi) 
Camarasauridae indet. 
Titanosauridae indet. 
Sauropoda indet. 
Sauropod tracks 
Euornithopod tracks 
Dinosaur eggs 
Age: Aptian-Albian (Choi 1986) 

4. Nagdong Formation (Kim 1983) 
Sauropoda indet. 

Age: Aptian-Albian (Choi 1986) 


5. Haman Formation (Kim 1983; Lockley 
et al. 1992c; Lim et al. 1995, 2000; Lee 


51.4. CHANGWAT UDON THANI, THAILAND 


53.2. GIFU PREFECTURE, JAPAN 


1. Sao Khua Formation (Buffetaut 1982; 1. Amagodani Formation (Hasegawa et al. 
et al. 2001) Buffetaut and Ingavat 1986b; Buffetaut 1995) 
Theropod tracks (including avialan and Suteethorn 1998b; Buffetaut et al. Ornithopoda 
tracks) 2002) Iguanodontia indet. 
Sauropod tracks Sauropoda indet. Age: ?Berriasian (= early Neocomian; 
Euornithopod tracks 


Age: Aptian-Albian (Choi 1986) 

6. Jindong Formation (Kim 1983; Lim et al. 
1989, 1994; Lockley et al. 1992c; Lee et 
al. 2000, 2001; Paik et al. 2001) 


Age: Hauterivian-Valanginian (Buffetaut 
and Suteethorn 1998b) 


51.5. CHANGWAT NAKHON RATCHASIMA, 


THAILAND 


Hasegawa et al. 1995) 
2. Okurodani Formation (Matsukawa and 
Obata 1994; Azuma and Tomida 1995; 
Hasegawa et al. 1995; Evans et al. 1998) 


Theropoda 
Theropod tracks (including avialan 1. Khok Kruat Formation (Buffetaut 1982; Dromaeosauridae indet. 
tracks) Buffetaut and Ingavat 1986a; Buffetaut Avialae indet. 
Sauropod tracks and Suteethorn 1998b) Theropoda indet. 
Euornithopod tracks Theropoda indet. Ornithopoda 
Dinosaur eggs Age: ?Aptian-Albian (Buffetaut and Euornithopoda 
Age: Albian (Choi 1985, 1986; Lee et al. Suteethorn 1998b) Euornithopoda indet. 
2001) Iguanodontia indet. 
7. Unnamed unit (Zelenitsky, pers. 51.6. CHANGWAT UBON RATCHATHANI, Ornithopoda indet. 


comm.) 
Dinosaur eggs 
Age: Early Cretaceous (Zelenitsky, 


PR 


THAILAND 


. Khok Kruat Formation (Buffetaut et al. 


Age: Berriasian-Valanginian (Matsukawa 
and Obata 1994) 


1997b, 2002; Buffetaut and Suteethorn 3. Unnamed unit (Kunimitsu et al. 1990) 
pers. comm.) 1998a, 1998b) Euornithopod tracks 
S . oe : 
ee rr ey auropoda ae Age: Valanginian (Azuma and Tomida 
Nemegtosauridae indet. 1997) 
1. Unnamed unit (Lee et al. 2001) Ornithopoda 


Dinosaur eggs 
Age: Early Cretaceous (Lee et al. 2001) 


Iguanodontia indet. 
Age: ?Aptian-Albian (Buffetaut and 
Suteethorn 1998b) 


53-4. KUMAMOTO PREFECTURE, JAPAN 


1. Mihune Formation (Mateer, 
pers. comm.) 


I.I. CHANGWAT KHON KAEN, THAILAND ; 
2 : Theropoda indet. 


1.7. CHANGWAT CHAIYAPHUM, THAILAND . 
St-7 z Age: ?Albian (Mateer, pers. comm.) 


1. Khok Kruat Formation (Buffetaut and 


1. Sao Khua Formation (Ingavat and 
Taquet 1978; Ingavat et al. 1978; 


Buffetaut 1982; Buffetaut and Ingavat 


Suteethorn 1992, 1998b) 


53.5. MIE PREFECTURE, JAPAN 


1983, 1984, 1986a; Buffetaut et al. 1996a, Ceratopsia 1. Matsuo Group (Tanimoto 1998, 1999; 
1997b; Buffetaut and Suteethorn 1998b; Ceratopsia indet. (= Psittacosaurus Tomida et al. 2001) 
Martin et al. 1999) sattayaraki) Sauropoda 
Theropoda Age: ?Aptian-Albian (Buffetaut and Lithostrotia 
Carnosauria Suteethorn 1998b) Undescribed lithostrotian 
Siamotyrannus isanensis Lithostrotia indet. 
Ornithomimosauria indet. 51.8. CHANGWAT LOEI, THAILAND Ornithopoda tracks 
Theropoda indet. (including 1. Phu Phan Formation (Buffetaut et al. Age: Berriasian-Hauterivian (Sugiyama 
Siamosaurus suteethorni) 1985a, 2002; Buffetaut and Suteethorn et al. 1993) 
Sauropoda 1998b) 
Titanosauria Theropod tracks 53-6. TOKUSHIMA PREFECTURE, JAPAN 


Phuwiangosaurus sirindhornae 
Sauropoda indet. 
Age: Hauterivian-Valanginian 
(Buffetaut and Suteethorn 
1998b) 


51.2. CHANGWAT KALASIN, THAILAND 


1. Phra Wihan Formation (Buffetaut et al. 
1997b, 2002; Le Loeuff et al. 1999, 2002) 


Sauropoda indet. 
Age: Barremian-Aptian (Buffetaut and 
Suteethorn 1998b) 


52.1. SAVANNAKHET KHOUENG, LAOS 


1. 


“Gres supérieurs” formation (Hoffet 
1942, 1943a, 1943b; Buffetaut 1991; 
Allain et al. 1997, 1999; Buffetaut and 
Suteethorn 1998b; equivalent to the 


1. Tazukawa Formation (Morozumi et al. 
1995; Azuma and Tomida 1997) 
Ornithopoda 

Iguanodontia indet. 
Age: late Hauterivian-Barremian 
(Azuma and Tomida 1997) 


53-7. ISHIKAWA PREFECTURE, JAPAN 


1. Kuwajima Formation (Matsukawa and 


Theropod tracks Khok Kruat Formation of Thailand) Obata 1994; Azuma and Tomida 1995; 
Sauropod tracks Theropod tracks Hasegawa et al. 1995; Barrett and 
Euornithopod tracks Sauropoda Manabe 2000; Manabe et al. 2000; 
Age: Berriasian (Buffetaut and Titanosauria Barrett et al. 2002b; Manabe, pers. 


Suteethorn 1998b) 


Tangvayosaurus hoffeti 


comm.) 


. Sao Khua Formation (Buffetaut 1982; Sauropoda indet. (= Titanosaurus Theropoda 
Suteethorn et al. 1995a, 1995b; falloti) ?Oviraptorosauria indet. 
Buffetaut et al. 1997b, 2002) Sauropod tracks Theropoda indet. 
Sauropoda Ornithopoda Theropod tracks 
Titanosauria Iguanodontia indet. Sauropoda 
Phuwiangosaurus sirindhornae (= Mandschurosaurus Titanosauriformes indet. 
Sauropoda indet. laosensis) Ornithischia indet. 
Age: Hauterivian-Valanginian Euornithopod tracks Ornithopoda. 


(Buffetaut and Suteethorn 
1998b) 


Age: Aptian-Albian (Buffetaut and 
Suteethorn 1998b) 


Euornithopoda indet. 
Iguanodontia indet. 
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Age: Berriasian-Hauterivian (Manabe 
et al. 2000; Barrett et al. 
2002b) 

2. Akaiwa Formation (Kondo et al. 1990; 
Matsukawa and Obata 1994; Azuma 
and Tomida 1995) 

?Theropod tracks 

?Euornithopod tracks 

Age: Hauterivian-Aptian (Azuma and 
Tomida 1995) 


53-8. FUKUI PREFECTURE, JAPAN 


1. Izuki Formation (Matsukawa and Obata 
1994; Azuma and Tomida 1995; Manabe 


1999; Azuma et al. 2002) 
Theropoda 

Tyrannosauridae indet. 

Avialan tracks 

?Theropod tracks 
Ornithischian tracks 
Euornithopod tracks 
Age: Berriasian (Azuma and Tomida 

1995) 

2. Akaiwa Formation (Kondo et al. 1990; 
Matsukawa and Obata 1994) 
?Theropod tracks 
?Euornithopod tracks 
Age: Hauterivian-Aptian (Azuma and 

Tomida 1995) 


w 


1991, 2003; Azuma et al. 1990a, 1990b, 
1991; Dong et al. 1990; Matsukawa and 
Obata 1994; Azuma and Currie 1995, 
2000; Azuma and Tomida 1995; 
Kobayashi and Azuma 1999; Kobayashi 
and Azuma 2003) 


South America 


. Kitadani Formation (Azuma 1989, 1990, 


Theropoda 
Carnosauria 
Fukuiraptor kitadaniensis 
Dromaeosauridae indet. 
Theropoda indet. 
Theropod tracks (including avialan 
tracks) 
Sauropoda 
Titanosauriformes indet. 
Sauropoda indet. 
Sauropod tracks 
Ornithischia tracks 
Ornithopoda 
Iguanodontia 
Fukuisaurus tetoriensis 
Iguanodontia indet. 
Euornithopod tracks 
Ceratopsia 
Psittacosauridae 
Psittacosaurus sp. 
Dinosaur eggs 
Age: Aptian-Albian (Azuma and Tomida 
1995) 


53-9. GUMMA PREFECTURE, JAPAN 


1. Sebayashi Formation (Hasegawa et al. 


1999; Matsukawa and Obata 1985, 1989; 
Manabe et al. 1989; Azuma and Tomida 
1997) 
Theropoda 

Ornithomimidae indet. 

Theropoda indet. 

?Theropod tracks 
Euornithopod tracks 
Age: late Barremian-Aptian (Matsukawa 

and Obata 1994) 


Seventeen South American dinosaur locations are currently 
known from Lower Cretaceous strata (an increase of 40%; figs. 
24.8 and 24.9). Most include skeletal remains from Brazil and 
Argentina, described by J. F. Bonaparte, J. O. Calvo, R. A. Coria, 
A. W. A. Kellner, D. M. Martill, D. Rivarola, and L. Salgado, among 
others. The remaining Early Cretaceous dinosaur occurrences 
consist of Brazilian ichnofaunas investigated by G. Leonardi. 


54.2. DEPARTAMENTO DE SANTANDER, 
COLOMBIA 
1. Unnamed unit (Buffetaut 2000) 
Theropod tracks 
Age: ?Early Cretaceous (Buffetaut 2000) 


55.1. PROVINCE OF LOJA, ECUADOR 


1. Cazaderos Formation (Leonardi 1994) 
Theropod tracks 
Age: Albian-Cenomanian (Leonardi 
1994) 


57.3. ESTADO DO PARANA, BRAZIL 
1. Caiua Formation (Leonardi 1989) 
Theropod tracks 
Age: Early Cretaceous (Leonardi 1989) 
57.5. ESTADO DO GOIAS, BRAZIL 
1. Corda Formation (Leonardi 1980b) 


Sauropod tracks 
Euornithopod tracks 
Age: pre-Aptian (Leonardi 1989) 


57.6. ESTADO DO BAHIA, BRAZIL 


1 


. Bahia Series (Mawson and Woodward 


1907) 

Theropoda indet. 

Ornithopoda 
Iguanodontia indet. 

Age: Aptian (Taquet 1977) 


57.7. ESTADO DO CEARA, BRAZIL 


il. 


Antenor Navarro Formation (Leonardi 
1989) 

Theropod tracks 

Euornithopod tracks 

Age: pre-Aptian (Leonardi 1989) 
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53-10. IWATE PREFECTURE, JAPAN 


1. Tanohata Formation (Hasegawa et al. 
1991; Azuma and Tomida 1997) 
Sauropoda indet. (including 

?Mamenchisaurus sp.) 
Age: late Aptian (Matsukawa and Obata 
1994) 


53-11. FUKUOKA PREFECTURE, JAPAN 


1. Sengoku Formation (Okazaki 1990, 1992a) 
Theropoda indet. (= Wakinosaurus satoi) 
Age: late Hauterivian (Matsukawa and 

Obata 1991) 

2. Unnamed unit (Okazaki 1992b) 

Theropoda indet. 

Sauropoda indet. 

?Ceratopsian indet. 

Age: Berriasian-Hauterivian 
(= Neocomian; Azuma and 
Tomida 1997) 


53-12. TOYAMA PREFECTURE, JAPAN 


1. Nagatogawa Formation (Goto 1992; 
Azuma and Tomida 1997; Matsukawa 
et al. 1997) 

Theropod or euornithopod tracks 

Age: Early Cretaceous (Matsukawa et al. 
1997); Valanginian (Azuma 
and Tomida 1997) 


53-13. YAMAGUCHI PREFECTURE, JAPAN 


1. Kiyosu-e Formation (Okazaki 1994; 
Azuma and Tomida 1997) 
Euornithopod tracks 
Age: earliest Cretaceous (Azuma and 

Tomida 1997) 


2. Santana Formation (Leonardi and 
Borgomanero 1981; Campos 1985; 
Campos and Kellner 1991; Frey and 
Martill 1995; Kellner 1996a, 1996b, 
1999; Kellner and Campos 1996; Martill 
et al. 1996a) 

Dinosauria indet. 
Theropoda 
Spinosauridae 
Irritator challengeri 
Angaturama limai 
Unnamed compsognathid 
?Tyrannosauroidea 
Santanaraptor placidus 
?Oviraptorosauria indet. 
Avialae indet. 
Theropoda indet. 
?Ornithischia indet. 
Age: ?Albian (Frey and Martill 1995) 


57.8. ESTADO DO PARAIBA, BRAZIL 


1. Antenor Navarro Formation (Leonardi 
1981b) 
Theropod tracks 
Sauropod tracks 
Euornithopod tracks 
Age: pre-Aptian (Leonardi 1989) 
2. Sousa Formation (Leonardi 1979b) 
Theropod tracks 
Sauropod tracks 
?Ankylosaur tracks 
Euornithopod tracks 
Age: pre-Aptian (Leonardi 1989) 
3. Piranhas Formation (Leonardi 1981b) 
Theropod tracks 
Euornithopod tracks 
Age: pre-Aptian (Leonardi 1989) 


62.3. PROVINCIA DE COLCHAGUA, CHILE 


1. Banos del Flaco Formation (Casamiquela 
and Fasola 1968) 
Euornithopod tracks 
Age: Hauterivian (Diaz and Gasparini 
1976) 


63.4. PROVINCIA DE CHUBUT, ARGENTINA 


1. Cerro Barcino Formation (Corro 1966, 
1975; Bonaparte and Gasparini 1978; 
Salgado 1993; Bonaparte 1996a, 1996b; 


Africa 


The African record of the Lower Cretaceous (24 locations, a 
60% increase) has yielded a variety of dinosaur fossils, primarily 
through the work of C. Deperét and A. F. de Lapparent, R. Lavo- 
cat, M. Monbaron, J. Savornin, P. Taquet, and in the “Conti- 
nental intercalaire” and Elrhaz Formation of Morocco, Algeria, 
Tunisia, Libya, Mali, and Niger, as well as the Kalahari Deposits 
of South Africa. Additional Late Jurassic to Early Cretaceous 


64.6. PROVINCE DE KSAR-ES-SOUK, 
MOROCCO 


1. Tegana Formation (Lavocat 1954; 
Monbaron 1978; Jacobs et al. 1996) 
Theropoda 

Allosauroidea 
Carcharodontosaurus saharicus 
Theropoda indet. (= Elaphrosaurus sp.) 
Sauropoda 
Diplodocoidea 
Rebbachisaurus garasbae 
Age: Albian (Lapparent 1960a) 


65.3. WILAYA ADRAR, ALGERIA 


1. “Continental intercalaire” (Depéret 
and Savornin 1925; Lapparent 1960a; 
Bassoulet and Iliou 1967; Broin et al. 
1971; Taquet 1977) 

Theropoda 
Allosauroidea 
Carcharodontosaurus saharicus 
Undescribed theropods (two species) 
Theropoda indet. (= Elaphrosaurus 
iguidiensis) 
Sauropoda 
Sauropoda indet. 


Rich et al. 1999b; Vickers-Rich et al. 
1999a; Rauhut et al. 2003) 
Theropoda 
Abelisauridae indet. 
?Carcharodontosauridae indet. 
Theropoda indet. (Megalosaurus 
inexpectatus) 
Sauropoda 
Undescribed titanosauriform 
Titanosauria 
Chubutisaurus insignis 
Titanosauria indet. 
Age: Albian (Bonaparte 1996b) 


63.5. PROVINCIA DE SAN LUIS, ARGENTINA 


1. La Cantera Formation (Lull 1942; not 
Paganzo Beds III, Bonaparte, pers. comm.) 
Theropod tracks 
Age: Berriasian-Hauterivian 

(= Neocomian; Leonardi 
1989) 

2. ElJume Formation (Rivarola 2000) 
Dinosaur tracks 
Age: Early Cretaceous (Rivarola 2000) 


63.6. PROVINCIA DE NEUQUEN, 
ARGENTINA 
1. La Amarga Formation (Salgado and 
Bonaparte 1991; Bonaparte 1996a, 1996b) 


Undescribed sauropod 
Diplodocoidea 
Nigerosaurus taqueti (including 
Rebbachisaurus tamesnensis) 
Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 


65.4. WILAYA TAMENGHEST, ALGERIA 
1. “Continental intercalaire” (Lapparent 
1960a) 
Theropoda 
Allosauroidea 
Carcharodontosaurus saharicus 
Sauropoda 
Diplodocoidea 
Nigerosaurus taqueti (including 
Rebbachisaurus tamesnensis) 
Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 


65.5. WILAYA WARGLA, ALGERIA 


1. “Continental intercalaire” (Lapparent 
1960a) 
Theropoda 


Theropoda 
Ceratosauria 
Ligabueino andesi 
Sauropoda 
Diplodocoidea 
Amargasaurus cazaui 
Stegosauria 
?Stegosauridae indet. 
Age: Barremian (Leanza and Hugo 
2001); Berriasian- 
Valanginian (= late 
Neocomian; Salgado and 
Bonaparte 1991; Bonaparte 
1996b) 
2. Lohan Cura Formation (Bonaparte 
1999b) 
Sauropoda 
Titanosauria 
Agustinia ligabuei 
Age: late Aptian-early Albian (Leanza 
and Hugo 2001); Aptian 
(Bonaparte 1999b) 
. Rayoso Formation (Bonaparte 1996b) 
Theropoda 
Ceratosauria indet. 
Sauropoda 
Diplodocoidea 
Rayososaurus agrioensis 
Age: Aptian (Bonaparte 1996b) 


w 


African material is known from South Africa, originally studied 
by R. Broom and later by W. A. Coombs Jr., P. M. Galton, R. E. 
Molnar, P. V. Rich, and T. H. V. Rich. Other recent research on 
Afrcan faunas include studies by S. Bouaziz, M. Brunet, J. Con- 
gleton, J.J. Flynn, C. A. Forster, E. M. P. Gomani, L. L. Jacobs, 
T. H. V. Rich, and P. C. Sereno. Figures 24.10, 24.11, and 24.23 
indicate the positions of these locations. 


Allosauroidea 
Carcharodontosaurus saharicus 
Theropoda indet. (= Elaphrosaurus 
iguidiensis) 
Sauropoda 
Diplodocoidea 
Nigerosaurus taqueti (including 
Rebbachisaurus tamesnensis) 
Brachiosauridae 
Brachiosaurus nougaredi 
Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 


66.1. GOUVERNORAT DE MEDENINE, 
TUNISIA 


1. “Continental intercalaire” (Lapparent 
1960a; Schliiter and Schwarzhans 1978) 
Theropoda 

Allosauroidea 
Carcharodontosaurus saharicus 
cf. Carcharodontosaurus sp. 

Theropoda indet. (= Elaphrosaurus 

gautieri) 
Sauropoda 
Sauropoda indet. 
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FIGURE 24.23. Late Jurassic and Early Cretaceous localities in Israel (31), Syria (32), Jordan (33), Sultanate of Oman (34), 
Republic of Yemen (35), Egypt (69), and Sudan (71). Scale = 600 km. 


Diplodocoidea 
Nigerosaurus taqueti (including 
Rebbachisaurus tamesnensis) 
Ornithopoda 
Iguanodontia indet. 
Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 

2. Chenini Formation (Bouaziz et al. 1988; 
Jacobs et al. 1996; Benton et al. 2000a) 
Theropoda 

Allosauroidea 
Carcharodontosaurus saharicus 
?Spinosauridae 
?Spinosaurus sp. 
Sauropoda indet. 
Ornithopoda 
Iguanodontia indet. 
Age: late Aptian-early Albian (Le Loeuff 
et al. 2000) 


66.2. GOUVERNORAT DE TATAOUINE, 
TUNISIA 


1. Douiret Formation (Le Loeuff et al. 2000) 
Ornithopoda 
Iguanodontia indet. 
Age: early Aptian (Le Loeuff et al. 2000) 
2. Chenini Formation (Le Loeuff et al. 
2000; Buffetaut and Ouaja 2002) 
Theropoda 
Spinosauridae indet. 
Theropoda indet. 


572 


Sauropoda indet. 
Ornithopoda 
Iguanodontia indet. 
Age: late Aptian-early Albian (Le Loeuff 
et al. 2000) 
3. Oum ed Diab Formation (Le Loeuff et al. 
2000) 
Ornithopoda 
Iguanodontia indet. 
Age: late Albian (Le Loeuff et al. 2000) 


67.1. REGION DE GAO, MALI 


1. “Continental intercalaire” (Lapparent 
1960a; O’Leary 1999) 
Sauropoda indet. 
Ankylosauria 
Nodosauridae indet. 
Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 
68.1. DEPARTEMENT D’AGADEZ, NIGER 
1. Elrhaz Formation (Lapparent 1960a; 
Taquet 1976; Galton and Taquet 1982; 
Sereno et al. 1998, 1999; Taquet and 
Russell 1998, 1999; Wilson et al. 1999b; 
Sereno and Wilson 2001; Wilson, pers. 
comm.) 
Theropoda 
Spinosauridae 
Suchomimus tenerensis 
Cristatusaurus lapparenti 


DINOSAUR DISTRIBUTION AND BIOLOGY 


?Spinosauridae indet. 
Tetanurae indet. 
Theropoda indet. (= Elaphrosaurus 
iguidiensis) 
Sauropoda 
Diplodocoidea 
Nigersaurus taqueti 
Undescribed titanosaurian 
Sauropoda indet. 
Ornithopoda 
Iguanodontia 
Valdosaurus nigeriensis 
Ouranosaurus nigeriensis 
Lurdusaurus arenatus 
Age: late Aptian (Taquet 1976; Moody 
and Sutcliffe 1991) 
2. “Continental intercalaire” (Lapparent 
1960a) 
Theropoda 
Avetheropoda incertae sedis 
Bahariasaurus ingens 
Allosauroidea 
Carcharodontosaurus saharicus 
Theropoda indet. (= Inosaurus 
tedreftensis, Elaphrosaurus 
iguidiensis, E. gautieri) 
Sauropoda 
Sauropoda indet. (= Astrodon sp., 
Rebbachisaurus tamesnensis, 
Aegyptosaurus baharijensis) 
Ankylosauria 
Nodosauridae indet. 


Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 


3. Tiourarén Formation (Sereno et al. 1994; 


Jacobs et al. 1996; Sadleir, pers. comm.; 
Wilson, pers. comm.) 
Theropoda 
Tetanurae 
Afrovenator abakensis 
Sauropoda 
Macronaria 
Jobaria tiguidensis 
Age: Hauterivian-Barremian (Sereno 
et al. 1994) 


68.2. DEPARTEMENT DE LA TAHOUA, 
NIGER 


R 


. Farak Formation (Greigert et al. 1954; 
Lapparent 1960a; Taquet 1976; Jacobs 
et al. 1996) 

Theropoda 
Avetheropoda incertae sedis 
Bahariasaurus ingens 
Sauropoda 
Macronaria 
Jobaria tiguidensis 
Lithostrotia indet. (= Aegyptosaurus 
baharijensis) 
Age: ?late Albian-early Cenomanian 
(Taquet 1976; Petters 1981; 
Lefranc and Guiraud 1990) 


70.1. MUHAFAZAT GHARYAN, LIBYA 


1. “Continental intercalaire” (Lapparent 
1960a) 
Theropoda 
Allosauroidea 
Carcharodontosaurus saharicus 
Theropoda indet. (= Elaphrosaurus 
iguidiensis) 
Age: Albian-early Cenomanian 
(Lapparent 1960a; Petters 
1981; Mateer et al. 1992) 


73.1. PROVINCE DE NORD, CAMEROUN 


1. Koum Formation (Flynn et al. 1987; 
Congleton 1990; Colin et al. 1992; 


Australasia 


Congleton et al. 1992; Jacobs et al. 1989, 
1996) 
Theropoda 
Spinosauridae 
Spinosaurus sp. 
?Spinosauridae indet. 
Theropoda indet. 
Theropod tracks 
Sauropoda indet. 
Sauropod tracks 
?Thyreophora indet. 
Ornithopoda 
Iguanodontia 
Ouranosautus sp. 
Euornithopod tracks 
Age: Barremian-Aptian (Colin et al. 
1992) 


76.1. TETE PROVINCE, MOZAMBIQUE 


1. 


Lupata Series (Dixey and Smith 

1929) 

Sauropoda indet. 

Age: Aptian (Dixey and Smith 1929; 
Pentel’kov and Voronovsky 
1979) 


78.1. NORTHERN PROVINCE, ZAMBIA 


1 


. Dinosaur Beds (Dixey 1937; Colin and 


Jacobs 1990; Jacobs et al. 1996) 

Sauropoda indet. 

Age: Aptian (Pentel’kov and Voronovsky 
1979; Colin and Jacobs 1990) 


79.1. NORTHERN PROVINCE, MALAWI 


1. 


Dinosaur Beds (Dixey 1928; Haughton 
1928; Colin and Jacobs 1990; Jacobs et 
al. 1990, 1993, 1994, 1996; Gomani 
1998, 1999; Gomani et al. 1999) 
Undescribed theropod 
Sauropoda 
Lithostrotia 
Malawisaurus dixeyi 
Undescribed sauropods (two species) 
Age: Aptian (Pentel’kov and Voronovsky 
1979; Colin and Jacobs 1990; 
Eby et al. 1995) 


Since the late 1970s, Australasia has claimed nearly all major di- 
nosaur groups known to exist during this time interval elsewhere 
in the world. This information on Australasian dinosaurs (fig. 
24.12) is the result of the efforts of A. Bartholomai, J. A. Long, 
R. E. Molnar, T. H. Rich, R. A. Thulborn, and P. Vickers-Rich. 


84.1. QUEENSLAND, AUSTRALIA 


1. Bungil Formation (Molnar 1980a) 
Ankylosauria 
Ankylosauridae 
Minmi paravertebra 
Age: Aptian (Exon and Vine 1970) 

2. Unnamed unit (possibly Toolebuc or 
Allaru Formation; Molnar 1982; Long 
1998) 

Sauropoda indet. 


3: 


Age: Albian (Molnar 1980b) 
Toolebuc Formation (Molnar 1980b, 
1984, 1986; Kurochkin and Molnar 
1997; Rich and Vickers-Rich 1997; 
Long 1998) 
Theropoda 
Avialae 
Enantiornithes 
Nanantius eos 
Nanantius sp. 


81.3. CAPE PROVINCE, SOUTH AFRICA 


1. Kalahari Deposits (Haughton 1915; 
Cooper 1985) 
Ornithopoda 
Iguanodontia indet. (= Kangnasaurus 
coetzeei) 
Age: ?Late Jurassic-Valanginian (Dingle 
1983) 

2. Enon Formation (Mateer 1987) 
Theropoda indet. 

Age: ?Late Jurassic-Valanginian 
(McLachlan and 
McMillan 1976; Dingle 
et al. 1983) 

3. Upper Kirkwood Formation (Broom 
1904; Galton and Coombs 1981; Rich 
et al. 1983; Forster 1996c; Jacobs et al. 
1996; de Klerk et al. 1998, 2000; Forster, 
pers. comm.) 

Theropoda 
Coelurosauria incertae sedis 
Nqwebasaurus thwazi 
Theropoda indet. 
Sauropoda 
Sauropoda indet. (= Algoasaurus 
bauri, aff. Camarasauridae 
indet., Diplodocidae indet., 
aff. Pleurocoelus sp., aff. 
Astrodon sp.) 
?Ornithischian indet. 
Stegosauria 
Stegosauridae 
Paranthodon africanus 
Ornithopoda 
Undescribed iguanodontian 
?Iguanodontia indet. 
Age: ?Late Jurassic-early Valanginian 
(McLachlan and McMillan 
1976; Dingle1983; Rich et al. 
1983) 

4. Sundays River Formation (Rich et al. 

1983; Mateer 1987) 

Theropoda indet. 

Age: ?Hauterivian (McLachlan and 
McMillan 1976; Dingle 
1983) 


Ornithischian indet. 
Ankylosauria 
Ankylosauridae 
Minmi sp. 
?Ankylosauria indet. 
Ornithopoda 
Iguanodontia 
Muttaburrasaurus sp. 
Ornithopoda indet. 
Age: Albian (Molnar 1980b) 
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4. Mackunda Formation (Bartholomai and 
Molnar 1981) 
Ornithopoda 
Iguanodontia 
Muttaburrasaurus langdoni 
Age: Albian (Vine and Day 1965) 

. Allaru Formation (Longman 1933; 
Molnar 1980b, 1996; Rich and Vickers- 
Rich 1997) 

Sauropoda 
Titanosauria 
Austrosaurus mckillopi 
Ankylosauria 
Ankylosauridae 
Minmi sp. 
?Ankylosauria indet. 
Ornithopoda 
Iguanodontia 
?Muttaburrasaurus sp. 
Ornithopoda indet. 
Age: Albian (Molnar 1982) 


nn 


84.2. WESTERN AUSTRALIA, AUSTRALIA 


1. Broome Sandstone (Colbert and 
Merrilees 1967; Long 1990; Thulborn 
et al. 1994; Rich and Vickers-Rich 1997) 
Theropod tracks 
Sauropod tracks 
?Stegosaur tracks 
Euornithopod tracks 
Age: Berriasian-Hauterivian 

(= Neocomian; Colbert 
and Merrilees 1967) 

2. Birdsong Sandstone (Long 1998) 
Theropoda indet. 

Age: Hauterivian-Barremian (Long 
1998) 


84.3. SOUTH AUSTRALIA, AUSTRALIA 


1. Maree Formation (Molnar and Pledge 
1980; Long 1998) 
Theropoda 


Coelurosauria incertae sedis 
Kakuru kujani 
Theropoda indet. 
Age: Aptian (Carr et al. 1979) 
2.?Cadn-Owie Formation (Molnar 1980b) 
Ornithopoda indet. 
Age: ?Aptian (Molnar 1980b) 


84.4. NORTHERN TERRITORY, AUSTRALIA 
1. Unnamed unit (Molnar, pers. comm.) 
Ornithopoda 
?Iguanodontia indet. 
Age: Early Cretaceous (Molnar, 
pers. comm.) 


84.5. NEW SOUTH WALES, AUSTRALIA 


RP 


. Griman Creek Formation (Huene 1932; 
Molnar 1980b, 1996, 1999; Molnar and 
Galton 1986; Rich and Vickers-Rich 
1997) 

Theropoda 
Tetanurae incertae sedis 
Rapator ornitholestoides 
Theropoda indet. (= Walgettosuchus 
woodwardi, Avialae indet.) 
Sauropoda indet. (= Brachiosauridae 
indet.) 
Ornithopoda 
Euornithopoda 
Fulgurotherium australe partim 
Euornithopoda indet. 
Iguanodontia incertae sedis 
Muttaburrasaurus sp. 
Euornithopod tracks 
Age: Albian (Molnar 1980b) 

2. Coreena Formation (Molnar 1980b) 

Theropoda indet. 

Age: Albian (Molnar 1980b) 


84.6. VICTORIA, AUSTRALIA 


1. Wonthaggi Formation (Woodward 
1906; Molnar et al. 1981, 1985; Rich 


and Rich 1989; Rich and Vickers-Rich 
1994, 1997, 2003; Currie et al. 1996; 
Vickers-Rich and Rich 1997; Chure 
1998b) 
Theropoda 
?Allosauroidea indet. 
Ornithomimosauria indet. 
?Dromaeosauridae indet. 
Theropoda indet. 
Ankylosauria indet. 
Ornithopoda 
Euornithopoda 
Fulgurotherium australe 
Qantassaurus intrepidus 
Fulgurotherium sp. 
Euornithopoda indet. 
?Ceratopsia 
?Neoceratopsia indet. 
(= Serendipaceratops 
arthurclarkei) 
Age: Valanginian-Aptian (Rich and Rich 
1989) 


. Eumeralla Formation (Rich and Rich 


1989; Rich and Vickers-Rich 1994, 1997; 


Currie et al. 1996; Vickers-Rich and Rich 


1997; Long 1998) 
Theropoda 


Ornithomimosauria indet. (= Timimus 


hermani) 
?Oviraptorosauria indet. 
?Dromaeosauridae indet. 
Theropoda indet. 
Ornithischian tracks 
Ornithopoda 
Euornithopoda 
Leaellynasaura amicagraphica 
Atlascoposaurus loadsi 
Euornithopoda indet. 
Dinosaur tracks 
Age: early Albian (Rich and Rich 1989; 
Vickers-Rich and Rich 
1997) 


Late Cretaceous 


Late Cretaceous dinosaurs are known from nearly four hundred 
locations, particularly from the Campanian and Maastrichtian 
and principally from Canada and the United States in North 
America and from Mongolia and the People’s Republic of China 
in eastern Asia. Additional Late Cretaceous material is known 
from Europe, South America, Africa, Australasia, and Antarctica. 


North America 


The greatest diversity and abundance of dinosaurs are known 
from the Late Cretaceous of North America (148 locations, an 
increase of nearly 50%; figs. 24.1, 24.2, 24.3, 24.14, 24.17, 24.18, 
and 24.24). Histories of the great Late Cretaceous dinosaur dis- 
coveries of the late 1800s and early 1900s exist in the writings of 
Sternberg (1909, 1917), Russell (1967), and Colbert (1968). The 
likes of B. Brown, E. D. Cope, W. E. Cutler, G. M. Dawson, C. W. 
Gilmore, J. B. Hatcher, L. M. Lambe, J. Leidy, O. C. Marsh, W. A. 
Parks, and C. H. Sternberg and his sons (George, Charles M., and 
Levi), and established the dinosaurian wealth from North Amer- 
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ica. At a pace unabated to this day, Late Cretaceous dinosaurs 
from the Western Interior of Canada, particularly southeastern 
Alberta, continue to be revealed through the important research 
of D. B. Brinkman, P. J. Currie, D. A. Eberth, R. C. Fox, W. Lang- 
ston Jr., D. A. Russell, L. S. Russell, J. E. Storer, D. Tanke, and 
T. Tokaryk. 

At the same time, a great array of dinosaur paleontologists— 
among them J. D. Archibald, B. H. Breithaupt, K. Carpenter, 
W. A. Clemens, P. Dodson J. G. Eaton, D. E. Fastovsky, A. R. Fio- 
rillo, D. Gabriel, R. A. Gangloff, J. R. Horner, A. P. Hunt, J. K. 
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FIGURE 24.24. Late Cretaceous localities in central and western Canada (1) and the northwestern United States (3). Scale = 600 km. 


Kirkland, T. M. Lehman, S. G. Lucas, M. C. McKenna, J. K. Rigby 
Jr., P. M. Sheehan, R. E. Sloan, R. M. Sullivan, L. Van Valen, D. B. 
Weishampel, T. E. Williamson, and D. G. Wolfe—carry on the 
tradition first established by Cope and Marsh in the northern 
realm of the Western Interior and Alaska of the United States. 
Elsewhere in the United States, Upper Cretaceous exposures 
of the San Juan Basin of New Mexico, of the Big Bend area of 
Texas, of the states of the Gulf Coast, and along the eastern sea- 
board of the United States have also yielded important dinosaur 
material. These areas were initially studied by B. Brown, C. W. 


Gilmore, J. Leidy, and C. H. Sternberg, and more recently byJ. G. 
Armstrong-Ziegler, W. A. Clemens, E. H. Colbert, R. K. Denton, 
W. B. Gallagher, J.J. Head, J. P. Lamb, W. Langston Jr., Y.-M. 
Lee, T. M. Lehman, S. G. Lucas, N. J. Mateer, D. Parris, and D. R. 
Schwimmer, among others. 

Several small but important Late Cretaceous dinosaur faunas 
from Mexico and Honduras have been documented. They have 
been studied by R. E. Molnar, W. I. Morris, G. E. Murray, and 
others, and most recently by C. Gonzales-Leon, R. Hernandez- 
Riviera, and R. Rodriguez de la Rosa. 


I.I. NORTHWEST TERRITORIES, CANADA 
1. Summit Creek Formation (Russell 
1984c) 
Ceratopsia 
?Ceratopsidae indet. 
Age: late Maastrichtian (Yorath and 
Cook 1981) 
2. Kanguk Formation (Russell 1988; Rich 
et al. 1997) 


Theropoda 
Avialae 
Hesperornis sp. 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: Maastrichtian (Russell 1988; Rich 
et al. 1997) 
3. Unnamed unit (Russell 1967) 


Theropoda 
Avialae 
Hesperornithiformes 
Hesperornis regalis 
Age: Maastrichtian (Russell 1967) 


I.2. YUKON TERRITORY, CANADA 


1. Bonnet Plume Formation (Russell 1984c) 
Ornithopoda 
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Hadrosauridae indet. 

Age: Maastrichtian (Rouse and 

Srivastava 1972) 
2. Tantalus Formation (Storer, 

pers. comm.) 

Theropod tracks 

Ankylosaur tracks 

Ornithopod tracks 

Age: Late Cretaceous (Storer, 
pers. comm.) 


I.3. BRITISH COLUMBIA, CANADA 


1. Dunvegan Formation (Storer 1975; 
McCrea et al. 2001a, 2001b; Scott et al. 
2001) 

Theropod tracks (including avialan 
tracks) 

Ankylosaur tracks 

Ornithopod tracks 

Age: Cenomanian (Storer 1975) 


1.4. ALBERTA, CANADA 


1. Dunvegan Formation (Currie 1989a; 
McCrea et al. 2001a; Scott et al. 2001) 
Theropod tracks 
Ankylosaur tracks 
Ornithopod tracks 
Age: Cenomanian (Storer 1975) 

2. Cardium Formation (Currie 1989a) 
Theropod tracks 
Age: Turonian (Currie 1989a) 

3. Kaskapau Formation (Fox 1984) 
Theropoda 

Avialae 
Ichthyornithiformes 
Ichthyornis sp. 
Age: early Turonian (Fox 1984) 

4. Belly River Group (Ryan and Currie 
1998; Ryan and Russell 2001) 
Theropoda 

Ornithomimidae indet. 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Montanoceratops sp. 
Age: Campanian (Braman et al. 1995) 

5. Milk River Formation (Russell 1935, 
1964; Currie 1989a; Baszio 1997; Ryan 
and Russell 2001) 

Theropoda 
Coelurosauria incertae sedis 
Ricardoestesia gilmorei 
Unnamed Ricardoestesia 
species 
Tyrannosauridae indet. 
Ornithomimidae indet. 
?Troodontidae indet. (= Paronychodon 
lacustris) 
Dromaeosauridae 
cf. Saurornitholestes langstoni 
Ankylosauria 
Nodosauridae indet. 
(= cf. Palaeoscincus) 
Ankylosauridae indet. 
Ornithopoda 
Hadrosaurinae indet. (including 
cf. Kritosaurus sp.) 


N 


Euornithopod tracks 
Pachycephalosauria 

Pachycephalosauridae indet. 
Ceratopsia 

Neoceratopsia indet. 
Ceratopsidae indet. 

(=cf. Brachyceratops sp.) 

Age: early Campanian (Fox 1978) 


. Foremost Formation (Fox 1974; Ryan 


and Russell 2001) 
Theropoda 
Coelurosauria incertae sedis 
Ricardoestesia sp. 
Tyrannosauroidea 
Aublysodon sp. 
Tyrannosauridae indet. 
?Troodontidae indet. 
(= Paronychodon sp.) 
Dromaeosauridae 
Dromaeosautrus sp. 
Saurornitholestes sp. 
Avialae 
Hesperornithiformes 
Hesperornis cf. regalis 
Ankylosauria 
Nodosauridae indet. 
Ankylosauridae indet. 
Ornithopoda 
Euornithopoda indet. 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae 
Stegoceras sp. 
Ceratopsia 
Ceratopsidae indet. 
Age: middle Campanian (L. S. Russell 
1970) 


. Oldman Formation (equivalent to the 


middle part of Two Medicine Formation; 
Horner and Currie 1994; Zelenitsky et al. 
1996; Eberth 1997; Eberth et al. 2001b; 
Ryan and Russell 2001) 
Theropoda 
Coelurosauria incertae sedis 
cf. Ricardoestesia sp. 
Tyrannosauroidea 
Aublysodon sp. 
Daspletosaurus torosus 
Daspletosaurus sp. 
cf. Gorgosaurus sp. 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Troodontidae 
cf. Troodon sp. 
?Troodontidae indet. 
(=cf. Paronychodon sp.) 
Dromaeosauridae 
cf. Dromaeosaurus sp. 
Saurornitholestes langstoni 
Avialae 
Apatornithidae 
Apatornis sp. 
Ankylosauria 
Ankylosauridae 
Undescribed Euoplocephalus 
species 
Ankylosauridae indet. 
Nodosauridae indet. 
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Ornithopoda 
Euornithopoda 
Orodromeus makelai 
Euornithopoda indet. 
Hadrosauridae 

Brachylophosaurus canadensis 

Hypacrosaurus stebingeri 

Undescribed lambeosaurine 

Hadrosauridae indet. 

Pachycephalosauria 
Pachycephalosauridae 
2Stegoceras validum 
Pachycephalosauridae indet. 

Ceratopsia 
Undescribed centrosaurine 
Undescribed chasmosaurine 

Dinosaur eggs 

Age: late Campanian (Eberth and 

Hamblin 1993) 

8. Dinosaur Park Formation (Brown 1933b; 
Russell 1964; Dodson 1971, 1983, 1984; 
Currie 1985, 1986, 1987b, 1987c, 1989a; 
Brinkman 1986, 1990; Ryan and Currie 
1998; Ryan et al. 1998b; Chin et al. 1999, 
2003; Holmes et al. 1999; Eberth et al. 
2001b; Holmes et al. 2001; Coy, pers. 
comm.) 

Theropoda 
Coelurosauria incertae sedis 

Ricardoestesia gilmorei 

Ricardoestesia isosceles 

Tyrannosauroidea 

Gorgosaurus libratus 

Daspletosaurus torosus 

Tyrannosauroidae indet. 
(including Aublysodon 
mirandus) 

Therizinosauroidea 
cf. Erlikosaurus sp. 
Ornithomimosauria 

Struthiomimus altus 

Ornithomimus edmontonensis 
(including Struthiomimus 
samueli) 

Ornithomimidae indet. 

Oviraptorosauria 

Chirostenotes pergracilis 
(= Macrophalangia 
canadensis, Caenagnathus 
collinsi) 

Chirostenotes elegans (including 
Caenagnathus sternbergi, 
Ornithomimus elegans) 

?Chirostenotes sp. 

Avimimus sp. 

Troodontidae 

Troodon formosus 
(= Stenonychosaurus inequalis, 
Pectinodon bakkeri) 

?Troodon sp. 

?Troodontidae indet. 
(=?Paronychodon lacustris, 
cf. Paronychodon sp.) 

Dromaeosauridae 

Dromaeosaurus albertensis 

Dromaeosaurus sp. 

Saurornitholestes langstoni 

Dromaeosauridae indet. 


Avialae 
Baptornithidae 
Baptornis sp. 
Undescribed ichthyornithiform 
Ankylosauria 
Nodosauridae 
Edmontonia rugosidens 
Edmontonia longiceps 
Panoplosaurus mirus 
?Panoplosaurus sp. 
Nodosauridae indet. 
(= Palaeoscincus costatus) 
Ankylosauridae 
Euoplocephalus tutus 
Ornithopoda 
Euornithopod tracks 
Euornithopoda 
Orodromeus cf. makelai 
Hadrosauridae 
Brachylophosaurus canadensis 
Gryposaurus notabilis 
Gryposaurus incurvimanus 
Prosaurolophus maximus 
?Maiasaura sp. 
Corythosaurus casuarius 
Lambeosaurus lambei 
Lambeosaurus magnicristatus 
Parasaurolophus walkeri 
Unnamed lambeosaurine 
Hadrosauridae indet. (including 
Cionodon stenopsis, Pteropelyx 
grallipes, Trachodon altidens, 
T. marginatus, T. mirabilis, 
T. selwyni) 
Pachycephalosauria 
Homalocephaloidea 
Ornatotholus browni 
Pachycephalosauridae 
Stegoceras validum 
Gravitholus albertae 
Pachycephalosaurus sp. 
Ceratopsia 
Neoceratopsia 
Leptoceratops sp. 
Ceratopsidae 
Anchiceratops ornatus 
Chasmosaurus belli (including 
C. brevirostris, C. canadensis, 
C. kaiseni) 
Chasmosaurus russelli 
Chasmosaurus irvinensis 
Chasmosautrus sp. 
Monoclonius crassus (including 
M. lowei) 
Monoclonius sp. 
Centrosaurus apertus (including 
C. longirostris, Monoclonius 
cutleri, M. dawsoni, 
M. flexus) 
Centrosaurus sp. 
Styracosaurus albertensis (including 
Monoclonius nasicornus, 
S. parksi) 
Ceratopsidae indet. (=?Ceratops sp.) 
Dinosaur eggs 
Dinosaur coprolites 
Age: late Campanian (Dodson 1971; 
Fox 1978); middle-late 


Campanian (Thomas et al. 
1990) 
9. Allison Formation (Russell 1949; Currie 
1989a, pers. comm.) 
Theropoda indet. 
Theropod tracks 
Ornithopoda 
Euornithopoda 
Euornithopoda indet. (= Laosaurus 
minimus) 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Montanoceratops sp. 
Dinosauria eggs 
Age: late Campanian (Russell 1949) 
10. Bearpaw Shale Formation (Ryan and 
Russell 2001) 
Theropoda 
Ornithomimidae indet. 
Ankylosauria 
Nodosauridae 
Edmontonia sp. 
Ornithopoda 
Hadrosauridae 
Brachylophosaurus sp. 
Prosaurolophus sp. 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae 
Stegoceras sp. 
Ceratopsia 
Ceratopsidae indet. 
Age: late Campanian-early 
Maastrichtian (Caldwell 
1982) 


11. Horseshoe Canyon Formation 


= 


(Sternberg 1926a; Russell and Chamney 


1967; D. A. Russell 1969, 1970b, 1972; 
Wall and Galton 1979; Currie 1989a; 
Sues 1997; Ryan et al. 1998a; Eberth 
et al. 2001b; Makovicky 2001; Ryan 
and Russell 2001; Varricchio 2001a) 
Theropoda 
Coelurosauria incertae sedis 
Ricardoestesia gilmorei 
cf. Ricardoestesia isosceles 
Tyrannosauroidea 
Aublysodon sp. 
Albertosaurus sarcophagus 
Daspletosaurus sp. 
Tyrannosauridae indet. 
Ornithomimosauria 
Ornithomimus edmontonensis 
(including Struthiomimus 
brevitertius) 
Struthiomimus altus 
Ornithomimidae indet. 
Oviraptorosauria 
Chirostenotes pergracilis 
Caenagnathus sp. 
Troodontidae 
cf. Troodon sp. 
?Troodontidae indet. 
(= Paronychodon sp.) 
Dromaeosauridae 
Undescribed Dromaeosaurus 
species 


cf. Dromaeosaurus sp. 
Saurornitholestes sp. 
Undescribed dromaeosaurid 
?Dromaeosauridae indet. 
Avialae indet. 
Theropod tracks 
Ankylosauria 
Nodosauridae 
Edmontonia longiceps 
Panoplosaurus sp. 
Ankylosauridae 
Euoplocephalus tutus 
Ornithopoda 
Euornithopoda 
Parksosaurus warreni 
Thescelosaurus neglectus 
Hadrosauridae 
Edmontosaurus regalis 
Saurolophus osborni 
Hypacrosaurus altispinus 
Euornithopod tracks 
Pachycephalosauria 
Pachycephalosauridae 
Stegoceras edmontonense 
Stegoceras validum (= Prenocephale 
brevis) 
Ceratopsia 
Neoceratopsia 
Montanoceratops cerorhynchus 
Ceratopsidae 
Anchiceratops ornatus (including 
A. longirostris) 
Arrhinoceratops brachyops 
Pachyrhinosaurus canadensis 
Ceratopsidae indet. 
Ceratopsid tracks 
Age: early Maastrichtian (Fox 1978) 

12. Wapiti Formation (Tanke 1988; Currie 
1989a; Ryan and Russell 2001) 
Theropoda 

Tyrannosauroidea 
Albertosaurus sp. 
Tyrannosauridae indet. 

Ornithomimidae indet. 

Troodontidae 
Troodon sp. 

Dromaeosauridae 
Saurornitholestes sp. 

Theropod tracks 

Ankylosauria 
?Ankylosauridae indet. 
Ankylosaur tracks 
Ornithopoda 
Hadrosauridae indet. 
Euornithopod tracks 
Ceratopsia 

Ceratopsidae 

Pachyrhinosaurus sp. 
Age: Campanian-Maastrichtian 
(Eberth 1997) 

13. St. Mary River Formation (Langston 
1960b, 1975, 1976; Currie et al. 1991; 
Carpenter and Alf 1994) 
Theropoda 

Tyrannosauroidea 
Albertosaurus sp. 
Tyrannosauridae indet. 

Ornithomimidae indet. 
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?Troodontidae 
?Troodon sp. 
Dromaeosauridae 
cf. Saurornitholestes sp. 
Theropod indet. 
Theropod tracks 
Ankylosauria 
Nodosauridae 
Edmontonia cf. longiceps 
Ornithopoda 
Euornithopod tracks 
Hadrosauridae 
Edmontosaurus cf. regalis 
Hadrosauridae indet. 
Ceratopsia 
Ceratopsidae 
Pachyrhinosaurus canadensis 
Anchiceratops sp. (=?A. 
ornatus) 
Dinosauria eggs 
Age: early Maastrichtian (Langston 
1976) 

14. Scollard Formation (Sternberg 1949; 
L. S. Russell 1964, 1987; Russell and 
Chamney 1967; Currie 1989a; Ryan 
and Currie 1998; Eberth et al. 2001b; 
Ryan and Russell 2001) 
Theropoda 

Coelurosauria incertae sedis 
cf. Ricardoestesia gilmorei 
cf. Ricardoestesia isosceles 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauridae indet. 
Ornithomimosauria 
Undescribed ornithomimid 
Ornithomimidae indet. 
Oviraptorosauria 
Caenagnathidae indet. 
Troodontidae 
cf. Troodon sp. 
?Troodontidae indet. 
(= cf. Paronychodon sp.) 
Dromaeosauridae 
Dromaeosaurus albertensis 
cf. Saurornitholestes langstoni 
Dromaeosauridae indet. 
Ankylosauria 
Ankylosauridae 
Ankylosaurus magniventris 
Ornithopoda 
Euornithopoda 


Thescelosaurus neglectus (including 


T. edmontonensis) 
Parksosaurus warreni 
Iguanodontia 

?Iguanodontia indet. 
Hadrosauridae 
Edmontosaurus regalis 
Edmontosaurus annectens 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae 
cf. Pachycephalosaurus sp. 
Ceratopsia 
Neoceratopsia 
Leptoceratops gracilis 
?Leptoceratops sp. 


Ceratopsidae 

Triceratops horridus 
(=?T.albertensis) 

cf. Torosaurus sp. 

Ceratopsidae indet. 

?Ceratopsid tracks 

Age: late Maastrichtian (Russell 1964; 

Fox 1978) 

15. Willow Creek Formation (Abler 1984; 
Carpenter and Alf 1994; Horner, 
pers. comm.) 

Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Montanoceratops sp. 
Dinosaur eggs 
Age: late Maastrichtian (Schmidt 
1978) 


1.5. SASKATCHEWAN, CANADA 
1. ?Ashville Formation (Tokaryk et al. 1997; 


Cumbaa and Tokaryk 1999) 
Theropoda 
Avialae 
?Enantiornithes indet. 
Hesperornithiformes 
Pasquiaornis hardiei 
Pasquiaornis tankei 
Ichthyornithiformes 
Ichthyornis sp. 
Ornithischia indet. 
Ornithopoda indet. 
Age: late Cenomanian (Tokaryk et al. 
1997) 


2. Pierre Shale (Tokaryk 1999) 


Theropoda 
Avialae 
Hesperornithoformes 
Hesperornis sp. 
Age: early Campanian (Tokaryk 1999) 


3. Dinosaur Park Formation (Eberth et al. 


1990; Tokaryk and Harington 1992; 
Tokaryk 1999) 
Theropoda 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Oviraptorosauria 
cf. Chirostenotes sp. 
(=cf. Macrophalangia sp.) 
Troodontidae 
Troodon formosus 
Dromaeosauridae 
Saurornitholestes langstoni 
Dromaeosaurus sp. (two species?) 
Avialae 
Hesperornithiformes 
Baptornis sp. 
Theropoda indet. 
Ornithopoda 
Hadrosauridae 
Hadrosaurinae indet. 
Lambeosaurinae indet. 
Ceratopsia 
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n 


Ceratopsidae 
Centrosaurus sp. 
Ceratopsidae indet. 
Dinosaur eggs 
Age: late Campanian (Dodson 1971; 
Fox 1978) 


. Whitemud Formation (Broughton et al. 


1978; Broughton 1981; Schmitz and 

Binda 1991) 

?Dinosaur coprolites (pseudofossils 
according to Coy, 
pers. comm.) 

Age: late Maastrichtian (Irish and 
Havard 1968) 


. Frenchman Formation (Russell 1964; 


Tokaryk 1985, 1986a, 1986b, 1997a, 
1997b, pers. comm.; Tokaryk and James 
1989; Galton 1997b; Chin et al. 1998a, 
1998b; McIver 2002) 
Theropoda 
Coelurosauria incertae sedis 
Ricardoestesia gilmorei 
Tyrannosauroidea 
Tyrannosaurus rex 
?Tyrannosaurus sp. 
Ornithomimidae indet. 
(= Ornithomimus sp.) 
Oviraptorosauria 
?Caenagnathus sp. 
cf. Chirostenotes sp. 
(=cf. Macrophalangia sp.) 
Troodontidae 
Troodon sp. (including 
Stenonychosaurus sp.) 
Dromaeosauridae 
Dromaeosautus sp. 
Saurornitholestes sp. 
Ankylosauria 
Ankylosauridae 
cf. Ankylosaurus sp. 
Ornithopoda 
Euornithopoda 
Thescelosaurus neglectus 
Hadrosauridae 
Edmontosaurus saskatchewanensis 
Hadrosauridae indet. 
Pachycephalosauria indet. 
Ceratopsia 
Ceratopsidae 
Triceratops horridus 
(= T. cf. prorsus) 
Triceratops sp. 
Torosaurus latus 
Chasmosaurinae indet. 
Ceratopsidae indet. 
Dinosaur coprolites 
Age: late Maastrichtian (Russell 1964) 


1.6. MANITOBA, CANADA 


1. Vermillion River Formation (Bardack 


1965; Martin and Stewart 1982) 
Theropoda 
Avialae 
Hesperornithiformes 
Hesperornis regalis 
Undescribed hesperornithiform 
Ichthyornithiformes indet. 
Age: early Campanian (Bardack 1965) 


3.1. UTAH, UNITED STATES 


1. Upper Cedar Mountain Formation 
(Jensen 1970; Cifelli et al. 1997a, 1999b; 
Kirkland et al. 1997, 1998a; Bray 1998; 
Carpenter and Kirkland 1998; Chinnery 
et al. 1998; Kirkland 1998b; Carpenter 
et al. 1999; Lockley et al. 1999) 
Theropoda 

Tyrannosauroidea incertae sedis 
cf. Alectrosaurus sp. 
Tyrannosauridae indet. 

Undescribed ?ornithomimid 

?Troodontidae indet. (including 

cf. Paronychodon sp.) 

Dromaeosauridae indet. 

Avialae 
?Hesperornithiformes indet. 
Avialae indet. 

Theropoda indet. (including 

cf. Ricardoestesia sp.) 
Sauropoda 

Titanosauriformes indet. (including 

cf. Pleurocoelus sp.) 

Sauropod tracks 

Ankylosauria 

Nodosauridae 
Animantarx ramaljonesi 

Ankylosaur tracks 

Ornithopoda 

Euornithopoda 
cf. Zephyrosaurus sp. 
Euornithopoda indet. 
Iguanodontia 
Eolambia caroljonesa 
Undescribed iguanodontian 
Euornithopod tracks 

Pachycephalosauria 
Pachycephalosauridae indet. 
Ceratopsia 
Neoceratopsia indet. 
Dinosaur eggs 
Age: early Cenomanian (Kirkland et al. 
1998a) 

. Dakota Formation (Eaton 1991; Eaton 
et al. 1997, 1999a; Carpenter 1999) 
Theropoda 

Tyrannosauridae indet. 

Troodontidae 
cf. Troodon sp. 
?Troodontidae indet. 

(= cf. Paronychodon sp.) 
Dromaeosauridae indet. 
Theropoda indet. (including 

cf. Ricardoestesia sp.) 

Sauropoda 
Diplodocidae 
?Barosaurus lentus 
Ankylosauria 
Nodosauridae indet. 
Ankylosauridae indet. 
Ornithopoda 

Euornithopoda 
Euornithopoda indet. 
Iguanodontia indet. 
Hadrosauridae indet. 

Dinosaur eggs 
Age: late Cenomanian (Eaton 1993) 


3. Tropic Shale (Gillette et al. 2001) 


Theropoda 
Therizinosauroidea indet. 
Age: Turonian (Gillette et al. 2001) 


. Masuk Formation (Eaton 1990) 


Theropoda 
Dromaeosauridae indet. 
Theropoda indet. 
Ankylosauria 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae indet. 
Age: early Campanian (Eaton 1990) 


. Wahweap Formation (Carpenter and Alf 


1994; Eaton et al. 1999a; Parrish 1999) 
Theropoda 
Tyrannosauridae indet. 
Troodontidae 
Troodon sp. 
Dromaeosauridae indet. (two species?) 
Theropoda indet. (including 
cf. Aublysodon sp.) 
Ankylosauria 
Nodosauridae indet. 
Ankylosauridae indet. 
Ornithopoda 
Euornithopoda 
cf. Thescelosaurus sp. 
Hadrosauridae indet. 
Ceratopsia 
?Ceratopsidae indet. 
Dinosaur eggs 
Age: early Campanian (Parrish 1999) 


. Mesaverde Formation (Peterson 1924; 


Brown 1938; Lockley 1986a) 
Theropod tracks 
Ornithopoda 
Euornithopod tracks 
?Iguanodontia indet. 
Ceratopsian tracks 
Age: late Campanian (Moelnaar 1983) 


7. Neslen Formation (Anderson et al. 1995, 


1999) 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian (Anderson et al. 
1995, 1999) 


. Castlegate Sandstone (Lull and Wright 


1942) 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian (Fouch et al. 1983) 


. Straight Cliffs Formation (Eaton 1991, 


1993; Eaton et al. 1999a, 1999b; Parrish 
1999) 
Theropoda 
Tyrannosauridae indet. 
?Troodontidae indet. (including 
cf. Paronychodon sp.) 
Dromaeosauridae indet. 
Theropoda indet. (including 
cf. Aublysodon sp.) 
?Ornithischia indet. 
Ankylosauria 
Nodosauridae indet. 
Ankylosauridae indet. 


Ornithopoda 
Euornithopoda 
cf. Thescelosaurus sp. 
Hadrosauridae indet. 
Age: middle Turonian-Santonian 
(Parrish 1999) 

10. Blackhawk Formation (Carpenter 
1992a; McCrea et al. 2001a) 
Ankylosaur tracks 
Euornithopod tracks 
Age: early Campanian (Carpenter 

1992a) 

11. North Horn Formation (Gilmore 
1946b; Jensen 1966; Lawson 1976; 
Difley and Ekdale 1998; Lockley 1999; 
Cifelli et al. 1999b) 

Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauridae indet. 
Troodontidae indet. 
Avialan tracks 
Sauropoda 
Lithostrotia 
Alamosaurus sanjuanensis 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Ceratopsidae 
Torosaurus latus (= T. utahensis) 
Ceratopsidae indet. 
Dinosaur eggs 
Age: late Maastrichtian (Hintze 
1973) 

12. Kaiparowits Formation (H. E. 
Gregory 1950, 1951; DeCourten 
1978; Weishampel and Jensen 
1979; DeCourten and Russell 1985; 
Carpenter and Alf 1994; Eaton et al. 
1999a; Parrish 1999; Stadtman et al. 
1999; Sullivan and Williamson 1999; 
Titus et al. 2001) 

Theropoda 
Tyrannosauroidea 
?Albertosaurus sp. 
Tyrannosauridae indet. 
Ornithomimosauria 
Ornithomimus velox 
Troodontidae 
Troodon sp. 
?Troodontidae indet. (including 
cf. Paronychodon sp.) 
Dromaeosauridae indet. 
Avialae 
Enantiornithiformes 
Unnamed Avisaurus species 
Theropoda indet. (including 
cf. Ricardoestesia sp.) 
Ankylosauria 
Nodosauridae indet. 
Ankylosauridae 
Euoplocephalus sp. 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Parasaurolophus cyrtocristatus 
Hadrosaurinae indet. 
Hadrosauridae indet. 
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Pachycephalosauria 
Pachycephalosauridae 
Stegoceras sp. 
Ceratopsia 
Ceratopsidae 
cf. Triceratops sp. 
Ceratopsidae indet. 
Dinosaur eggs 
Age: late Campanian (Parrish 1999) 


3.2. ARIZONA, UNITED STATES 


I 


Fort Crittenden Formation (Miller 
1964; McCord and Tegowski 1996; 
Thayer and Ratkevich 1996; Ratkevich 
1997; McCord, pers. comm.) 
Theropoda 

Tyrannosauridae indet. 

Theropoda indet. 
Sauropoda 

Lithostrotia 

Alamosaurus sp. 

Ornithopoda 

Hadrosauridae indet. 
Ceratopsia 

Centrosaurinae indet. 
Age: Campanian (Thayer and Ratkevich 

1996) 


3.3. NEW MEXICO, UNITED STATES 


= 


w 
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. Dakota Sandstone (Heckert and Lucas 


1998) 

Euornithopod tracks 

Age: Cenomanian (Heckert and Lucas 
1998) 


. Tres Hermanos Formation (Lucas et al. 


1988; Hunt and Lucas 1993a) 
Dinosauria indet. 
Age: Turonian (Hunt and Lucas 1993a) 


. Moreno Hill Formation (Wolfe et al. 


1997; Wolfe and Kirkland 1998; Lucas 
et al. 2000; Kirkland and Wolfe 
2001) 
Theropoda 
Tyrannosauridae indet. 
Therizinosauroidea 
Nothronychus mckinleyi 
Dromaeosauridae indet. 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Zuniceratops christopheri 
Age: middle Turonian (Wolfe et al. 1997) 


. Crevasse Canyon Formation (Lucas et al. 


1988; Hunt and Lucas 1993a) 
Dinosauria indet. 
Ornithopoda 
Iguanodontia indet. 
Age: early Santonian (Hunt and Lucas 
1993a) 


. Point Lookout Sandstone (Lucas et al. 


1988, 2000; Williamson et al. 1989; 
Hunt and Lucas 1993a) 
Theropoda 
Tyrannosauridae indet. 
Dromaeosauridae indet. 


Ornithopoda 
Hadrosauridae indet. 
Age: Santonian (Hunt and Lucas 1993a) 

6. Menefee Formation (Hunt and Lucas 
1993a; Lucas et al. 2000) 

Theropoda 

Tyrannosauridae indet. 

Dromaeosauridae 

cf. Saurornitholestes sp. 

Ankylosauria indet. 
Ornithopoda 

Hadrosauridae indet. 
Ceratopsidae 

Centrosaurinae indet. 
Age: late Santonian-early Campanian 

(Hunt and Lucas 1993a) 

. Fruitland Formation (Gilmore 1916, 
1919a, 1935; Osborn 1923b; Ostrom 
1961a; Armstrong Ziegler 1978, 1980; 
Lucas 1981; Rowe et al. 1981; Currie 
1987a; Lucas et al. 1987, 2000; Hunt 
1991; Hall 1993; Hunt and Lucas 1993a; 
Lehman 1998; Sullivan and Williamson 
1999) 

Theropoda 
Tyrannosauroidea 
?Gorgosaurus libratus 
?Albertosaurus sp. 
Unnamed tyrannosauroid 
Tyrannosauridae indet. 
Ornithomimosauria 
cf. Ornithomimus sp. 
Ornithomimidae indet. 
?Troodontidae indet. (= Paronychodon 
lacustris) 
Dromaeosauridae indet. 
Theropoda indet. 
Ankylosauria 
Nodosauridae indet. 
Ankylosauria indet. 
Ornithopoda 
Euornithopoda 
?Thescelosaurus sp. 
Hadrosauridae 
Parasaurolophus cyrtocristatus 
?Corythosaurus sp. 
Hadrosaurinae indet. 
(=?Kritosaurus navajovius) 
Euornithopod tracks 
Pachycephalosauria 
Pachycephalosauridae indet. 
Ceratopsia 
Ceratopsidae 
Pentaceratops sternbergii (including 
P. fenestratus) 
?Chasmosautrus sp. 
Ceratopsidae indet. 
(=?Monoclonius sp.) 
Dinosaur eggs 
Age: late Campanian (Hunt and Lucas 
1993a) 

8. Ringbone Formation (Lucas et al. 1990; 
Hunt and Lucas 1993a; Anderson et al. 
1998) 

Theropoda 
Tyrannosauridae indet. 

Ornithopoda 
Hadrosauridae indet. 
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Age: late Campanian (Lucas et al. 1990; 
Hunt and Lucas 1993a) 


9. Pictured Cliffs Sandstone (Williamson 


and Lucas 1992; Hunt and Lucas 1993a) 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian (Hunt and Lucas 
1993a) 


10. Lower Kirtland Formation (Gilmore 


1916, 1919a, 1935; Osborn 1923b; 
Wiman 1930, 1931; Lucas 1981; Mateer 
1981; Currie 1987a; Lucas et al. 1987, 
2000; Hunt 1991; Hunt and Lucas 1992, 
1993a; Sullivan 1997, 1998b, 1999; 
Sullivan and Williamson 1997, 1999; 
Carr and Williamson 1999; Williamson 
and Sealey 1999; Sullivan and Lucas 
2000) 

Theropoda 

Tyrannosauroidea 
Albertosaurus sp. 
Unnamed Daspletosaurus species 
Tyrannosauroidea indet. 
(including Aublysodon 
cf. mirandus) 
Ornithomimosauria 
cf. Struthiomimus sp. 
Ornithomimosauria indet. 
(= Ornithomimus antiquus) 
Dromaeosauridae 
Saurornitholestes langstoni 
Dromaeosauridae indet. 
Sauropoda 
Lithostrotia 
Alamosaurus sanjuanensis 
Ankylosauria 
Nodosauridae indet. (including 
Edmontonia australis) 
Ankylosauridae 
Nodocephalosaurus kirtlandensis 
Ornithopoda 
Hadrosauridae 
Anasazisaurus horneri 
Naashoibitosaurus ostromi 
Parasaurolophus tubicen 
cf. Parasaurolophus sp. 
Hadrosaurinae indet. 
(= Kritosaurus navajovius) 
Hadrosauridae indet. 
Pachycephalosauria 
Undescribed pachycephalosaurid 
Ceratopsia 
Ceratopsidae 
Pentaceratops sternbergii (including 
P. fenestratus) 
Pentaceratops sp. 

Age: late Campanian (Sullivan and 
Lucas 2000); early 
Maastrichtian (Hunt and 
Lucas 1992, 1993a) 


11. Upper Kirtland Formation (Gilmore 


1916, 1919a, 1935; Osborn 1923b; 
Wiman 1930, 1931; Lucas 1981; Mateer 
1981; Currie 1987a; Lucas et al. 1987, 
2000; Hunt and Lucas 1992, 1993a; 
Williamson and Sullivan 1996; Sullivan 
and Williamson 1997, 1999) 


Theropoda 
Tyrannosauroidea 
?Albertosaurus sp. 
cf. Tyrannosaurus sp. 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Troodontidae indet. 
Dromaeosauridae indet. 
Sauropoda 
Lithostrotia 
Alamosaurus sanjuanensis 
Ankylosauria 
Nodosauridae indet. (including 
Glyptodontopelta mimus) 
Ankylosauridae indet. 
Ankylosauria indet. 
Ornithopoda 
Hadrosauridae 
Hadrosauridae indet. 
Ceratopsia 
Ceratopsidae 
cf. Torosaurus latus (= T. utahensis) 
Pentaceratops sp. 
Ceratopsidae indet. 
Age: late Maastrichtian (Hunt and 
Lucas 1993a) 

12. McRae Formation (Lozinsky et al. 1984; 
Hunt and Lucas 1993a; Lucas et al. 
1998b, 2000; = Red Beds of New 
Mexico, Lull 1933) 

Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex 
Theropoda indet. 
Sauropoda 
Lithostrotia 
Alamosaurus sp. 
Ankylosauria indet. 
Ceratopsia 
Ceratopsidae 
Torosaurus latus 
Ceratopsidae indet. 
Age: late Maastrichtian (Hunt and 
Lucas 1993a) 

13. Raton Formation (Lockley and Hunt 
1994; Lockley et al. 2000) 
Theropod tracks 
Age: Maastrichtian (Lockley et al. 2000) 

3.4. COLORADO, UNITED STATES 

1. Iles Formation (Mateer, pers. comm.) 
Dinosauria indet. 

Age: late Campanian (Mateer, 
pers. comm.) 

2. Williams Fork Formation (Archibald 
1987a) 

Theropoda indet. 
Ornithischia indet. 
Age: Maastrichtian (Kiteley 1983) 

3. Mesaverde Formation (Peterson 1924; 
Brown 1938; Lockley et al. 1982; 
Carpenter 1992a) 

Theropod tracks 

Euornithopod tracks 

Age: early Maastrichtian (Carpenter 
1992a) 

4. Laramie Formation (Carpenter 1979; 
Carpenter and Breithaupt 1986; Lockley 


1986a; Lockley and Hunt 1995b; 


Wright and Lockley 2001; Carpenter, 


pers. comm.) 
Theropoda 
Tyrannosauroidea 
cf. Tyrannosaurus rex 
?Troodontidae indet. 

(= Paronychodon sp.) 
?Dromaeosauridae indet. 
?Avialae indet. (= Ornithomimus 

minutus) 
Theropoda/?Troodontidae indet. 

(= Tripriodon caperatus) 
Theropod tracks 

Ankylosauria 
Nodosauridae 
?Edmontonia sp. 
Ornithopoda 
Euornithopod tracks 
Euornithopoda 
Thescelosaurus neglectus 
Thescelosaurus sp. 
Hadrosauridae 
Edmontosaurus regalis 
Edmontosaurus annectens 
Ceratopsia 
Ceratopsidae 
Triceratops horridus 
Triceratops sp. 
Torosaurus latus 
Ceratopsid tracks 
Age: late Maastrichtian (Carpenter 
1979) 


. Arapahoe Formation (Wright 


and Lockley 2001; Carpenter, 

pers. comm.) 

Theropod tracks (may be from 
Laramie Formation) 

Ornithopod tracks (may be from 
Laramie Formation) 

Ceratopsia indet. 


Age: late Maastrichtian (Cobban and 


Reeside 1952; Carpenter, 
pers. comm.) 


. Denver Formation (Carpenter, 


pers. comm.) 
Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauroidea indet. 
(= Aublysodon mirandus) 
Ornithomimosauria 
Ornithomimus velox 
Ornithomimidae indet. 
Theropoda indet. 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Hadrosauridae 
Edmontosaurus sp. 


Hadrosauridae indet. (= Cionodon 


arctatus) 
Pachycephalosauria 
Pachycephalosauridae 
Pachycephalosaurus sp. 
Ceratopsia 
Ceratopsidae 
Triceratops sp. 


Ceratopsidae indet. (= Polyonax 
mortuarius, Triceratops galeus) 
Age: late Maastrichtian (Cobban and 
Reeside 1952; Carpenter, 
pers. comm.) 

7. Cimarron Ridge Formation (Lee 1912; 
Reeside 1924; Lehman 1987) 
Dinosauria indet. 

Age: late Maastrichtian (Lehman 1987) 

8. Raton Formation (Lockley and Hunt 
1994; Lockley et al. 2000) 

Theropod tracks (including avialan 
tracks) 
Ornithopoda 
Hadrosaurid tracks 
?Ceratopsian tracks 
Age: Maastrichtian (Lockley et al. 2000) 
3.5. TEXAS, UNITED STATES 
. Woodbine Formation (Lee 1997a, 1997b; 
Head 1998; Jacobs and Winkler 1998) 
Theropoda 
Theropoda incertae sedis 
cf. Ricardoestesia sp. 
Theropoda indet. 
Theropod tracks 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Iguanodontia 
Protohadros byrdi 
Hadrosauridae indet. 
Euornithopod tracks 
Age: middle Cenomanian (Birkelund 
et al. 1984) 
2. Pen Formation (Lehman 1985b) 
Ornithopoda 
Hadrosauridae 
?Gryposaurus sp. (= Kritosaurus sp.) 
Age: Cenomanian-early Campanian 
(Lehman 1985a) 

. San Carlos Formation (Lehman 1985b) 

Theropoda 
Tyrannosauridae indet. 

Ankylosauria 
Nodosauridae indet. 

Ornithopoda 
Hadrosauridae 

?Gryposaurus sp. (= Kritosaurus sp.) 

Pachycephalosauria 

Pachycephalosauridae 
Stegoceras sp. 

Ceratopsia 
Ceratopsidae indet. 

Age: early-late Campanian (Lehman 

1985a) 

Aguja Formation (Lull and Wright 1942; 

Davies 1983; Lehman 1985b, 1989; 

Carpenter 1990b; Rowe et al. 1992; 

Baghai-Riding and DiBenedetto 2001; 

Sankey 2001; Wagner and Lehman 2001) 

Theropoda 
Coelurosauria incertae sedis 

Ricardoestesia cf. gilmorei 

Ricardoestesia isosceles 

cf. Ricardoestesia sp. 
Tyrannosauridae indet. 
Ornithomimidae indet. 
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Troodontidae 
cf. Troodon sp. 
Dromaeosauridae 
Saurornitholestes cf. langstoni 
cf. Saurornitholestes sp. 
cf. Dromaeosaurus sp. 
Theropoda indet. 
Ornithischia indet. 
Ankylosauria 
Nodosauridae 
Edmontonia cf. rugosidens 
Unnamed Panoplosaurus species 
Unnamed Euoplocephalus species 
Nodosauridae indet. 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Undescribed hadrosaurine 
?Gryposaurus sp. (= Kritosaurus sp.) 
Hadrosaurinae indet. (= Kritosaurus 
cf. navajovius) 
Lambeosaurinae indet. 
Hadrosauridae indet. 
Ornithopoda indet. 
Pachycephalosauria 
Pachycephalosauridae 
Stegoceras sp. 
Pachycephalosauridae indet. 
Ceratopsia 
Ceratopsidae 
Chasmosaurus mariscalensis 
Ceratopsidae indet. 
Dinosaur coprolites 
Age: early-late Campanian (Lehman 
1985a) 
5. Javelina Formation (Lawson 1976; 
Lehman 1985b; Fiorillo 1998d; Davies, 
pers. comm.) 
Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Sauropoda 
Lithostrotia 
Alamosaurus sanjuanensis 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Hadrosauridae 
cf. Edmontosaurus sp. 
Ceratopsia 
Ceratopsidae 
cf. Torosaurus latus 
(= cf. T. utahensis) 
Ceratopsidae indet. 
Age: late Maastrichtian (Lehman 
1985a) 
El Picacho Formation (Lehman 1985b, 
1996) 
Theropoda 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Sauropoda 
Lithostrotia 
Alamosaurus sanjuanensis 
Ankylosauria 
Nodosauridae indet. 
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Ornithopoda 
Hadrosauridae 
?Gryposaurus sp. (= Kritosaurus sp.) 
Ceratopsia 
Ceratopsidae indet. 


Age: late Maastrichtian (Lehman 1985a) 


7. Black Peaks Formation (Lehman and 
Coulson 2002) 
Sauropoda 
Lithostrotia 
Alamosaurus sanjuanensis 
Age: late Maastrichtian (Lehman and 
Coulson 2002) 

8. Austin Chalk (Marsh 1877b; Clarke, 
pers. comm.) (not plotted) 
Theropoda 

Avialae 
Unnamed ichthyornithiform 
Age: Late Cretaceous (Marsh 1877b) 


3.7. KANSAS, UNITED STATES 
1. Greenhorn Formation (Martin and 
Stewart 1982; Martin 1983) 
Theropoda 
Avialae 
Hesperornithiformes indet. 


Ichthyornithiformes 
Ichthyornis sp. 


Age: Cenomanian-Turonian (Martin and 


Stewart 1982; Martin 1983) 
2. Niobrara Chalk Formation (Marsh 
1872a, 1872b, 1872c, 1872d, 1873a, 
1873b, 1876, 1877b, 1890a; Mehl 1936; 
Carpenter et al. 1995; Clarke, pers. 
comm.) 
Theropoda 
Avialae 
Ornithurae 
Apatornis celer 
Hesperornithiformes 
Baptornis adventus 
Hesperornis regalis 
Hesperornis crassipes 
Hesperornis gracilis 
Parahesperornis alexi 
Ichthyornithiformes 
Ichthyornis dispar (including 
I. agilis, I. anceps, I. validus, 
I. victor) 
Unnamed ichthyornithiforms 
(=Ichthyornis lentus, I. tener) 
Ankylosauria incertae sedis 
Niobrarasaurus coleii 
Ankylosauria indet. (= Hierosaurus 
sternbersgii) 
Ornithopoda 
Hadrosauridae 
Claosaurus agilis 
Age: Coniacian-early Campanian 
(Hattin 1982) 
3.8. OREGON, UNITED STATES 
1. Cape Sebastian Sandstone (Leahy, pers. 
comm.) 
?Ornithopoda 
?Hadrosauridae indet. 


Age: late Campanian (Bourgeois and 
Dott 1985) 
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9. NEVADA, UNITED STATES 
Newark Canyon Formation (Smith et al. 
1976) 
Theropoda indet. 
Ankylosauria 
Ankylosauridae indet. 
Age: ?Late Cretaceous (Smith et al. 1976) 


. Unnamed unit (Carpenter, pers. comm.) 


Theropoda indet. 
Ankylosauria indet. 
Ornithopoda 

?Hadrosauridae indet. 
Ceratopsia 

Neoceratopsia 

?Leptoceratops sp. 
Age: Late Cretaceous (Carpenter, 
pers. comm.) 


-IO. CALIFORNIA, UNITED STATES 


1. Ladd or Williams Formation (Morris 


3: 


3 


1. 


1973b) 
Ornithopoda 
Hadrosauridae indet. 
Age: ?Campanian (Popenoe et al. 1960) 
Chico Formation (Embree, pers. comm.; 
Hilton, pers. comm.) 
Theropoda indet. 
Age: Campanian (Embree, pers. comm.) 
Point Loma Formation (Morris 1982; 
Ford and Kirkland 2001; Deméré, 
pers. comm.) 
Ankylosauria 
Ankylosauridae 
Aletopelta coombsi 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian-early 
Maastrichtian (Nilsen 
and Abbott 1981) 
Moreno Formation (Morris 1973b, 
1982) 
Ornithopoda 
Hadrosauridae 
Hadrosaurinae indet. 
(=?Saurolophus sp.) 
Age: late Maastrichtian (Popenoe et al. 
1960) 


-II. MONTANA, UNITED STATES 


Telegraph Creek Formation 
(unpublished) 
Ornithopoda 
Hadrosauridae indet. 
Age: late Santonian (Cobban 1955) 


. Lower Two Medicine Formation 


(Gilmore 1930; Horner 1989, 1992, pers. 
comm.; Mongelli and Varricchio 1998) 
Theropoda 
Theropoda incertae sedis 
Ricardoestesia sp. 
Tyrannosauroidea 
cf. Albertosaurus sp. 
cf. Aublysodon sp. 
Tyrannosauridae indet. 
Troodontidae 
Troodon sp. 
Dromaeosauridae 
Dromaeosautrus sp. 


Saurornitholestes sp. 
Dromaeosauridae indet. 
Theropoda indet. 
Ankylosauria 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Gryposaurus latidens 
Hadrosauridae indet. 
Ceratopsia 
Undescribed neoceratopsian 
Undescribed ceratopsid 
Dinosaur eggs 
Age: ?late Santonian-early Campanian 
(Horner, pers. comm.) 
3. Eagle Sandstone (Marsh 1890b) 
Theropoda 
Tyrannosauroidea incertae sedis 
“Ornithomimus” grandis 
Age: early Campanian (Sahni 1972) 
4. Claggett Shale (Marsh 1893; Fiorillo 
1990) 
Theropoda 
Avialae 
Hesperornithiformes 
Coniornis altus 
Hesperornis sp. 
Ornithopoda 
Hadrosauridae 
cf. Maiasaura sp. 
Age: late Campanian (Fiorillo 1990) 
5. Judith River Formation (Marsh 1893; 
Sahni 1972; Dodson 1984, 1986; Horner 
1988, 1989, pers. comm.; Fiorillo and 
Currie 1994; Galton 1995) 
Theropoda 
Tetanurae indet. (= Aublysodon 
lateralis) 
Coelurosauria incertae sedis 
Ricardoestesia gilmorei 
Tyrannosauroidea 
Gorgosaurus libratus (?including 
?Laelaps falculus) 
Albertosaurus sarcophagus 
Tyrannosauroidea indet. 
(= Aublysodon mirandus, 
Deinodon horridus) 
Ornithomimosauria 
Ornithomimus sp. 
Ornithomimosauria indet. 
(= Ornithomimus tenuis) 
Troodontidae 
Troodon formosus 
?Troodontidae indet. (= Laelaps 
explanatus, L. laevifrons, 
Paronychodon lacustris, 
Zapsalis abradens) 
Dromaeosauridae 
Dromaeosaurus albertensis 
Saurornitholestes langstoni 
Ankylosauria 
Ankylosauria indet. (= Palaeoscincus 
costatus) 
Nodosauridae 
Edmontonia longiceps 
Edmontonia rugosidens 
Ornithopoda 
Euornithopoda 


?Orodromeus makelai 
(= Thescelosaurus neglectus) 
Hadrosauridae 
Brachylophosaurus canadensis 
Brachylophosaurus sp. 
Hadrosauridae indet. (= Diclonius 
calamarius, D. pentagonus, 
D. perangulatus, Dysganus 
encaustus partim, 
Hadrosaurus breviceps, 
H. paucidens) 
Pachycephalosauria 
Pachycephalosauridae 
Stegoceras validum 
Stegoceras sp. 
Pachycephalosaurus wyomingensis 
Ceratopsia 
Ceratopsidae 
Monoclonius crassus 
Avaceratops lammersi 
Undescribed ceratopsid 
Ceratopsidae indet. (= Ceratops 
montanus, Diclonius 
bicarinatus, D. encaustus 
partim, D. haydenianus, 
D. peiganus, Monoclonius 
fissus, M. recurvicornis, 
M. sphenocerus) 
Dinosaur eggs 
Age: late Campanian (Goodwin 
and Deino 1989) 

6. Upper Two Medicine Formation 
(Gilmore 1930; Horner and Makela 
1979; Horner 1983, 1989, 1992, 

1999; Horner and Weishampel 1988; 
Varricchio and Horner 1993; Sampson 
1995; Varricchio and Chiappe 1995; 
Ryan and Currie 1998; Varricchio et al. 
1999; Burnham et al. 2000; Trexler 2001) 
Theropoda 
Coelurosauria incertae sedis 
Ricardoestesia sp. 
Tyrannosauroidea 
Daspletosaurus torosus 
cf. Albertosaurus sp. 
Tyrannosauroidea indet. 
(= Aublysodon mirandus) 
Oviraptorosauria 
Chirostenotes pergracilis 
Ornithomimidae indet. 
Troodontidae 
Troodon formosus 
Dromaeosauridae 
Bambiraptor feinbergorum 
Saurornitholestes sp. 
Dromaeosauridae indet. 
Avialae 
Enantiornithes 
Avisaurus gloriae 
Ankylosauria 
Nodosauridae 
Edmontonia rugosidens 
Ankylosauridae 
Euoplocephalus tutus 
Ankylosauridae indet. 
Ornithopoda 
Euornithopoda 
Orodromeus makelai 


Undescribed euornithopodan 
Hadrosauridae 
Maiasaura peeblesorum 
Prosaurolophus blackfeetensis 
Gryposaurus sp. 
Hypacrosaurus stebingeri 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae indet. 
Ceratopsia 
Neoceratopsia 
Leptoceratops sp. 
Ceratopsidae 
Einiosaurus procurvicornis 
Achelousaurus horneri 
Brachyceratops montanensis 
Ceratopsidae indet. (= Styracosaurus 
ovatus) 
Dinosaur eggs 
Age: middle-late Campanian (Horner, 
pers. comm.) 

7. Lower Bearpaw Shale Formation 

(Horner 1979) 
Ankylosauria 
Nodosauridae 
Edmontonia sp. 
Ornithopoda 
Hadrosauridae 
Unnamed hadrosaurine 
(=cf. Kritosaurus sp.) 
Lambeosaurinae indet. 
(=?Lambeosaurus 
magnicristatus) 
Age: late Campanian (Rice and Shurr 
1983) 

8. Cokedale Formation (Horner 1989) 

Theropoda 

Tyrannosauridae indet. 
Ornithopoda 

Hadrosauridae indet. 
Age: Campanian (Horner 1989) 

9. Horsethief Sandstone (Bibler and 
Schmidt 1986; Horner 1989, pers. 
comm.) 

Ornithopoda 
Hadrosauridae indet. 
Dinosaur eggs 
Age: early Maastrichtian (Viele and 
Harris 1965) 

10. Livingston Formation (McMannis 
1965; Skipp and McGrew 1972; 
Horner, pers. comm.) 

Theropoda 
Tyrannosauroidea 
? Tyrannosaurus rex 
Tyrannosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
?Leptoceratops sp. 
Age: ?late Campanian-late 
Maastrichtian (Cobban 
and Reeside 1952) 

11. St. Mary River Formation (Brown and 
Schlaikjer 1942; Weishampel and 
Horner 1987; Chinnery and 
Weishampel 1998) 
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Theropoda 
Tyrannosauridae indet. 
Ornithomimidae indet. 
?Dromaeosauridae indet. 
Ornithopoda 
Hadrosauridae 
Hadrosaurinae indet. 
Undescribed lambeosaurine 
Lambeosaurinae indet. 
Ceratopsia 
Neoceratopsia 
Montanoceratops cerorhynchus 
Ceratopsidae indet. 
Dinosaur eggs 
Age: early Maastrichtian (Cobban 
and Reeside 1952) 
12. Billman Creek Formation (Horner 
1989) 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: early Maastrichtian (Roberts 1972) 
13. Willow Creek Formation (Russell 1968; 
may be St. Mary River Formation) 
Ornithopoda 
Euornithopoda 
?Thescelosaurus sp. 
Age: late Maastrichtian (Honkala 1955) 
14. Hell Creek Formation (including 
questionable Lance strata) (Jepsen 
1931; Estes et al. 1969; Molnar 1978, 
1980d; Lupton et al. 1980; Brett 
Surman and Paul 1985; Carpenter 
and Breithaupt 1986; Sloan et al. 
1986; Currie 1987a; Giffin et al. 1987; 
Hutchinson and Chiappe 1998; Galton 
1999a; Buckley and Ott 2001; Ott and 
Buckley 2001; Stidham and Hutchison 
2001; Varricchio 2001b; Williamson 
and Carr 2002) 
Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex (including 
Albertosaurus megagracilis, 
Aublysodon molnari) 
Nanotyrannus lancensis 
Tyrannosauroidea indet. 
(including Aublysodon 
mirandus) 
Ornithomimosauria 
Ornithomimus sp. 
Ornithomimidae indet. 
Oviraptorosauria 
Chirostenotes elegans (= Elmisaurus 
elegans) 
?Chirostenotes sp. 
Troodontidae 
Troodon formosus 
(= ?Saurornithoides sp., 
Stenonynchosaurus inequalis) 
?Troodontidae indet. 
(= Paronychodon lacustris) 
Dromaeosauridae 
Dromaeosaurus sp. 
Dromaeosauridae indet. 
(two species?) 
Avialae 
Unnamed alvarezsaurid 
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Enantiornithes 
Avisaurus archibaldi 
Theropoda indet. 
Ornithischia indet. 
Ankylosauria 
Ankylosauria indet. 
Nodosauridae 
Unnamed Edmontonia species 
Ankylosauridae 
Ankylosaurus magniventris 
Ankylosauridae indet. 
Ornithopoda 
Euornithopoda 
?Bugenasaura infernalis 
(=?Thescelosaurus garbanii) 
?Thescelosaurus sp. 
Hadrosauridae 
Edmontosaurus regalis 
Edmontosaurus annectens 
(including Anatotitan copei) 
?Parasaurolophus walkeri 
Pachycephalosauria 
Pachycephalosauridae 
Pachycephalosaurus wyomingensis 
Stegoceras edmontonense 
Stygimoloch spinifer (including 
Stenotholus kohleri) 
Sphaerotholus buchholtzae 
Sphaerotholus goodwini 
Stegoceras sp. 
Ceratopsia 
Neoceratopsia 
Leptoceratops cf. gracilis 
Ceratopsidae 
Triceratops horridus (= T. prorsus, 
T. serratus) 
Triceratops sp. 
Torosaurus latus 
Ceratopsidae indet. (including 
Triceratops maximus, 
Ugrosaurus olsoni) 
Dinosaur eggs 
Age: late Maastrichtian (Cobban and 
Reeside 1952; Baadsgaard 
and Lerbekmo 1980) 


3.12. WYOMING, UNITED STATES 
. Frontier Formation (Marsh 1889a; Lull 
1921; Coombs 1978a; Carpenter and 
Kirkland 1998) 
Ankylosauria incertae sedis 
Nodosaurus textilis 
Stegopelta landerensis 
Age: middle Cenomanian (Merewether 
1983) 
2. Pierre Shale Formation (Carpenter, 
pers. comm.) 
Ornithopoda 
Undescribed hadrosaurid 
Age: early Campanian (Gill and Cobban 
1966) 

3. Meeteetse Formation (Keefer and Troyer 
1956; Keefer 1965; Storrs 1991) 
Dinosauria indet. 

Theropoda 
Tyrannosauridae indet. 

Ornithopoda 
Hadrosauridae indet. 


a 
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Dinosaur eggs 
Age: late Campanian (Lillegraven and 
McKenna 1986) 
Almond Formation (Breithaupt 1985; 
Carpenter 1992a) 
Theropoda 
Tyrannosauridae indet. 
?Troodontidae indet. (= Paronychodon 
lacustris) 
Dromaeosauridae 
Dromaeosaurus sp. 
Theropoda indet. 
Ankylosauria 
Nodosauridae 
Edmontonia sp. 
Ornithopoda 
Euornithopoda 
cf. Thescelosaurus sp. 
Hadrosauridae 
Edmontosaurus sp. 
Maiasaura sp. 
Lambeosaurinae indet. 
Hadrosauridae indet. 
Ceratopsia 
Ceratopsidae 
?Anchiceratops sp. 
Ceratopsidae indet. 
Age: early Maastrichtian (Carpenter 
1992a); late Campanian 
(Breithaupt 1985) 


. Harebell Formation (McKenna 1980; 


Harris et al. 1996) 
Theropod tracks 
Ankylosauria 
?Nodosauridae indet. 
Ceratopsia 
Neoceratopsia indet. 
(=?Leptoceratops sp.) 
Age: Maastrichtian (Harris et al. 1996) 


. Pinyon Conglomerate (McKenna and 


Love 1970) 
Ceratopsia 
Neoceratopsia 
Leptoceratops sp. 
Age: Maastrichtian (McKenna and Love 
1970) 
Medicine Bow Formation (Lull 1933; 
Lillegraven and Eberle 1999) 
Theropoda 
Tyrannosauroidea 
Aublysodon mirabilis 
Ornithopoda 
Euornithopoda 
Thescelosaurus sp. 
Hadrosauridae 
Hadrosaurinae indet. 
Ceratopsia 
Ceratopsidae 
Chasmosaurinae indet. 
(= Triceratops sp.) 
Age: Maastrichtian (Cobban and Reeside 
1952) 


. Evanston Formation (Tracy and Oriel 


1959; Rubey et al. 1961; Lucas 1981; 
Breithaupt 1985) 
Sauropoda 
Lithostrotia 
Alamosaurus sp. 


Ceratopsia 
Ceratopsidae 
Triceratops horridus 
(= T. flabellatus) 
Age: late Maastrichtian (Cobban 
and Reeside 1952) 

9. Ferris Formation (Bowen 1918; Lull 1933; 
Lillegraven and Eberle 1999) 
Theropoda 

Theropoda incertae sedis 
Ricardoestesia sp. 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauroidea indet. (including 
Aublysodon mirandus) 
Ornithomimosauria 
Ornithomimus cf. velox 
cf. Struthiomimus sp. 
Ornithomimid indet. 
Troodontidae 
Troodon formosus 
?Troodontidae indet. (= Paronychodon 
lacustris) 
Dromaeosauridae 
Dromaeosaurus sp. 
Saurornitholestes sp. 
Avialae indet. 
Theropod indet. 
Ankylosauria 
Nodosauridae 
Edmontonia cf. rugosidens 
Ankylosauridae 
Ankylosaurus sp. 
Ornithopoda 
Euornithopoda 
Thescelosaurus sp. 
Hadrosauridae 
Hadrosaurinae indet. 
Pachycephalosauria 
Pachycephalosauridae 
Stygimoloch spinifer 
Ceratopsia 
Ceratopsidae 
Chasmosaurinae indet. 
(= Triceratops sp.) 
Age: late Maastrichtian (Cobban 
and Reeside 1952) 

10. Lance Formation (including 
questionable Lance strata) (Marsh 
1889a, 1889b, 1889c, 1892e; Hatcher 
1893; Hatcher et al. 1907; Bowen 
1915; Gilmore 1915a; Brodkorb 1963; 
Estes 1964; Ostrom 1978b; Breithaupt 
1982, 1985, 1994; Carpenter 1982b; 
Carpenter and Breithaupt 1986; Currie 
1987a; McIntosh et al. 1992; Derstler 
1995; Finlayson 1998; Stidham 1998; 
Galton 1999a; Hope 1999; Elzanowski 
et al. 2001) 

Theropoda 

Coelurosauria incertae sedis 
Ricardoestesia sp. 

Tyrannosauroidea 
Albertosaurus sarcophagus 
cf. Tyrannosaurus rex 
Tyrannosaurus sp. 

Ornithomimosauria 
Ornithomimus sp. 


Ornithomimosauria indet. 
(= Ornithomimus sedens) 
Oviraptorosauria 
?Chirostenotes sp. 
Troodontidae 
Troodon formosus (= Pectinodon 
bakkeri, ?Saurornithoides sp., 
Stenonychosaurus inequalis) 
?Troodontidae indet. (= Laelaps 
cristatus, Paronychodon 
lacustris) 
Dromaeosauridae 
?Velociraptor sp. 
Dromaeosautus sp. 
Saurornitholestes sp. 
Dromaeosauridae indet. 
Avialae 
Enantiornithes indet. 
?Hesperornithiformes 
Potamornis skutchi 
Neornithes 
Galliformes 
Palintropus retusus 
Tetanurae indet. (including 
Aublysodon amplus, 
A. mirandus, ?Dryptosaurus sp.) 
Sauropoda 
Diplodocidae 
Dyslocosaurus polyonychius 
(may be from the Morrison 
Formation) 
Ankylosauria 
Ankylosauria indet. (= Palaeoscincus 
latus) 
Nodosauridae 
Unnamed Edmontonia species 
Nodosauridae indet. 
Ankylosauridae 
Ankylosaurus cf. magniventris 
Ankylosauridae indet. 
Ornithopoda 
Euornithopoda 
Thescelosaurus neglectus 
Bugenasaura infernalis 
?Thescelosaurus sp. 
Hadrosauridae 
Edmontosaurus regalis 
Edmontosaurus annectens 
?Lambeosaurus sp. 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae 
Pachycephalosaurus wyomingensis 
cf. Pachycephalosaurus sp. 
Stygimoloch spinifer 
Ceratopsia 
Neoceratopsia 
Leptoceratops gracilis 
Ceratopsidae 
Diceratops hatcheri 
Triceratops horridus (including 
T. calicornis, T. elatus, 
T. eurycephalus, T. flabellatus, 
T. obtusus, T. prorsus, 
T. serratus) 
Triceratops sp. 
Torosaurus latus (including 
T. gladius) 


Ceratopsidae indet. (= Agathaumas 
sylvestris, Bison alticornis, 
Triceratops ingens, T. sulcatus) 

Age: late Maastrichtian (Cobban and 
Reeside 1952) 


3.14. NORTH DAKOTA, UNITED STATES 
1. Fox Hills Formation (Hoganson et al. 
1996) 
Theropoda indet. 
Age: Maastrichtian (Hoganson et al. 1996) 
. Hell Creek Formation (Lull 1933; Lull 
and Wright 1942; Pearson et al. 2001; 
Farrar pers. comm.,; Fastovsky, pers. 
comm.; Williams, pers. comm.) 
Theropoda 
Coelurosauria indet. 
(= Ricardoestesia sp.) 
Tyrannosauroidea 
Tyrannosaurus rex 
Tyrannosauridae indet. 
Ornithomimosauria 
cf. Struthiomimus sp. 
20rnithomimus sp. 
Ornithomimidae indet. 
Oviraptorosauria 
Caenagnathidae indet. 
?Troodontidae indet. (= Paronychodon 
lacustris) 
Dromaeosauridae 
Saurornitholestes sp. 
Avialae 
Hesperornithiformes indet. 
Avialae indet. 
Theropoda indet. 
Ankylosauria 
Nodosauridae 
Unnamed Edmontonia species 
Ankylosauria indet. 
Ornithopoda 
Euornithopoda 
cf. Thescelosaurus sp. 
Hadrosauridae 
Edmontosaurus regalis 
Hadrosauridae indet. 
Pachycephalosauria 
Undescribed pachycephalosaurid 
Ceratopsia 
Ceratopsidae 
Torosaurus latus 
Triceratops horridus 
Triceratops sp. 
Ceratopsidae indet. 
Age: late Maastrichtian (Cobban and 
Reeside 1952) 


N 


3.15. SOUTH DAKOTA, UNITED STATES 
1. Pierre Shale Formation (Wieland 1903; 
Gregory 1948; Russell 1967) 
Theropoda 
Avialae 
Hesperornithiformes 
Hesperornis sp. 
Ornithopoda 
Hadrosauridae indet. (= Claosaurus 
affinis) 
Age: early Campanian (Gill and Cobban 
1966) 
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Lance Formation (Lull and Wright 1942; 
Bakker 1988) 
Ankylosauria 
Nodosauridae 
Edmontonia longiceps 
(= Denversaurus schlessmani) 
Ornithopoda 
Hadrosauridae 
Edmontosaurus annectens 
(= Anatotitan copei) 
?Edmontosaurus regalis 
Hadrosauridae indet. (= Thespesius 
occidentalis) 
Age: late Maastrichtian (Cobban and 
Reeside 1952) 


. Hell Creek Formation (Colbert and 


Bump 1947; Morris 1976; Bjork 1985b; 
Carpenter and Breithaupt 1986; 
Woods and Stucky 1992; Currie et al. 
1993; Galton 1995; Triebold and Russell 
1995; Holland 1997; Triebold 1997; 
Jacobson and Sroka 1998; Triebold 
et al. 1999) 
Theropoda 
Tyrannosauroidea 
Tyrannosaurus rex 
Albertosaurus sp. 
Ornithomimosauria 
Ornithomimus sp. 
Struthiomimus sp. 
Ornithomimidae indet. 
Oviraptorosauria indet. 
Caenagnathidae 
Caenagnathus sp. 
Chirostenotes pergracilis 
(= Caenagnathus collinsi) 
Chirostenotes sp. 
Oviraptorosauria indet. 
Troodontidae 
Troodon sp. 
Troodontidae indet. (including 
Paronychodon lacustris) 
Dromaeosauridae 
Dromaeosaurus sp. 
Saurornitholestes sp. 
Dromaeosauridae indet. 
Undescribed theropod 
Theropod tracks 
Ankylosauria 
Nodosauridae 
Edmontonia sp. 
Ornithopoda 
Euornithopoda 
Bugenasaura infernalis (including 
Thescelosaurus garbani) 
Thescelosaurus neglectus 
Euornithopoda indet. 
Hadrosauridae 
Edmontosaurus regalis 
Edmontosaurus annectens (including 
Anatotitan copei) 
Edmontosaurus sp. 
Hadrosauridae indet. 
Pachycephalosauria 
Pachycephalosauridae 
Pachycephalosaurus wyomingensis 
Pachycephalosaurus sp. 
Stegoceras sp. 
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. Ripley Formation (Gilmore and Stewart 
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Stygimoloch sp. 
Pachycephalosauria indet. 
Ceratopsia 
Ceratopsidae 
Triceratops horridus 
Triceratops sp. 
Torosaurus latus 
Age: late Maastrichtian (Cobban and 
Reeside 1952) 


a6, NEBRASKA, UNITED STATES 


. Niobrara Chalk Formation (Stidman, 


pers. comm.) (not plotted) 
Theropoda 
Aves 
Ornithurae 
Apatornis celer 
Age: Coniacian-early Campanian 
(Hattin 1982) 


. Pierre Shale Formation (Stidman, 


pers. comm.) (not plotted) 
Theropoda 
Aves 
Hesperornithiformes 
Hesperornis regalis 
Age: early Campanian (Gill and Cobban 
1966) 


17. MISSOURI, UNITED STATES 


1945; Horner 1979) 
Ornithopoda 
Hadrosauridae indet. (= Neosaurus 
missouriensis) 
Age: ?early Maastrichtian (Horner 1979) 


+22. NEW JERSEY, UNITED STATES 


. Raritan Formation (Baird 1989; 


Gallagher 1993; Gallagher et al. 1999) 
Theropoda 
Avialae indet. 
?Theropoda indet. 
Euornithopod tracks 
Age: Cenomanian (Olsson 1980) 


. Merchantville Formation (Gallagher 


1993) 
Ornithopoda 
Hadrosauridae 
Hadrosaurus foulkii 
Hadrosauridae indet. 
Age: early Campanian (Owens 1983) 


. Woodbury Formation (Gallagher 1984, 


1993) 
Ornithopoda 
Hadrosauridae 
Hadrosaurus foulkii 
Hadrosauridae indet. 
Age: late early Campanian (Owens 1983) 


. Marshalltown Formation (Gallagher 


1993) 
Theropoda 
Coelurosauria 
Dryptosaurus aquilunguis 
Ornithopoda 
Hadrosauridae 
Hadrosaurus foulkii 
Hadrosauridae indet. (including 
Hypsibema sp.) 
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Age: late Campanian (Owens 1983) 


. Mount Laurel Formation (including 


Wenonah Formation) (Baird and Horner 
1977; Gallagher 1993) 
Theropoda 
Tyrannosauroidea 
Dryptosaurus aquilunguis 
Ornithomimosauria indet. 
(= Coelosaurus antiquus) 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian-early 
Maastrichtian (Owens 1983) 


. Navesink Formation (including New 


Egypt Formation) (Olson and Parris 
1987; Gallagher 1993) 
Theropoda 
Tyrannosauroidea 
Dryptosaurus aquilunguis 
Tyrannosauroidea indet. (including 
Laelaps macropus, Tomodon 
horrificus) 
Ornithomimosauria indet. 
(= Coelosaurus antiquus) 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Hadrosauridae 
Unnamed hadrosaurine 
(= “Hadrosaurus” minor) 
Hadrosauridae indet. (including 
Hadrosaurus cavatus, 
H. minor) 
Age: late Campanian-early 
Maastrichtian (Owens 1983) 
Hornerstown Formation (Olson and 
Parris 1987) 
Theropoda 
Avialae 
Aves 
Procellariiformes 
Tytthostonyx glauconiticus 
Gastornithiformes 
Graculavus velox 
Telmatornis priscus 
Anatalavis rex 
Laornis edwardsianus 
Palaeotringa littoralis 
Palaeotringa vagans 
Age: late Maastrichtian-early Paleocene 
(Koch and Olsson 1974) 


-24. DELAWARE, UNITED STATES 


. Merchantville Formation (Gallagher 


1993) 
Theropoda 

Ornithomimidae indet. 
Ornithopoda 

Hadrosauridae indet. 
Age: early Campanian (Owens 1983) 
Marshalltown Formation (Gallagher 
1993) 
Theropoda 

Ornithomimidae indet. 
Ornithopoda 

Hadrosauridae indet. 
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. Donoho Creek Formation (Weishampel 
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3. 
. Blufftown Formation (Reinhardt et al. 
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3; 
. Upper Eutaw Formation (Lamb 1996, 
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Age: late Campanian (Owens 1983) 


. Mount Laurel Formation (Baird and 


Galton 1981; Gallagher 1993) 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian-early 
Maastrichtian (Owens 1983) 


-25. MARYLAND, UNITED STATES 


. Severn Formation (Baird 1986) 


Theropoda 
Ornithomimosauria indet. 
(= Coelosaurus antiquus) 
Ornithopoda 
Hadrosauridae indet. 
Age: Maastrichtian (Baird 1986) 


-27. NORTH CAROLINA, UNITED STATES 


. Black Creek Formation (Baird and 


Horner 1979) 
Theropoda 
Ornithomimosauria indet. 
(= Coelosaurus cf. antiquus) 
Theropoda indet. (=?Dryptosaurus sp.) 
Ornithopoda 
Hadrosauridae 
?Lophorhothon atopus 
Hadrosauridae indet. (= Hypsibema 
crassicauda) 
Age: Campanian (Brett and Wheeler 
1961) 


28. SOUTH CAROLINA, UNITED STATES 


and Young 1996; Knight pers. comm.) 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: early Maastrichtian (Sohl and 
Owens 1991) 


29. GEORGIA, UNITED STATES 


1981; Schwimmer and Best 1989; 
Schwimmer et al. 1993) 
Theropoda 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: early Campanian (Owens 1983) 


30. ALABAMA, UNITED STATES 


pers. comm.) 
Theropoda indet. 
Ankylosauria 
?Ankylosauridae indet. 
Ornithopoda 
?Hadrosauridae indet. 
Age: late Santonian-early Campanian 
(Lamb, pers. comm.) 


. Mooreville Chalk Formation (Lull and 


Wright 1942; Langston 1960a; Olson 
1975; Dobie 1978; Lamb 1993, 1996, 
1997, 1998, 2001; Chiappe et al. 2002a; 
Carpenter, pers. comm.; Clarke, pers. 
comm.) 


Theropoda 
Ornithomimosauria indet. 
(= Coelosaurus cf. antiquus) 
Avialae 
Enantiornithes 
Halimornis thompsoni 
Ichthyornithiformes 
Ichthyornis dispar (= Angelinornis 
antecessor) 
Theropoda indet. 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
?Hadrosauridae 
Lophorhothon atopus 
?Hadrosauridae indet. 
Dinosaur eggs 
Age: late Santonian-early Campanian 
(Mancini et al. 1984; 
Puckett 1994) 
3. Demopolis Chalk Formation (Lamb 
1989; Carr et al., in press) 
Theropoda 
Unnamed tyrannosauroid 
?Tyrannosauridae indet. 
Age: middle Campanian (Puckett 1994) 
4. Ripley Formation (Lamb, pers. comm.) 
Ornithopoda 
?Hadrosauridae indet. 
Age: early Maastrichtian (Lamb, 
pers. comm.) 


3.31. MISSISSIPPI, UNITED STATES 
1. Basal Eutaw or Upper McShan 
Formation (Carpenter 1982c) 
Dinosauria indet. 
Theropoda 
Ornithomimidae indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: late Coniacian-?early Santonian 
(Carpenter 1982c) 
2. Eutaw Formation (Kaye and Russell 
1973) 
Ornithopoda 
Hadrosauridae indet. 
Age: late Santonian (Kaye and Russell 
1973) 
3. Selma Group (Lull and Wright 1942; 
Carpenter 1982c) 
Ornithopoda 
Hadrosauridae indet. 
Age: Campanian (Carpenter 1982c) 


3.32. TENNESSEE, UNITED STATES 
1. Demopolis Shale (Bryan et al. 1991) 
Ornithopoda 


Hadrosauridae indet. 
Age: middle Campanian (Puckett 1994) 
3.33. ALASKA, UNITED STATES 
1. Lower Matanuska Formation (Gangloff 
1995, 1998; Pasch and May 1997, 2001) 
Ornithopoda 
Hadrosauridae indet. 
Age: Turonian (Gangloff 1998) 


2. Upper Matanuska Formation (Gangloff 
1995, 1998; Pasch and May 1997) 


Ankylosauria 
Nodosauridae 
Unnamed Edmontonia species 

Age: late Campanian-early 
Maastrichtian (Gangloff 
1995); Turonian (Pasch and 
May 1997) 

. Prince Creek Formation (Brouwers et al. 
1987; Parrish et al. 1987; Clemens and 
Nelms 1993; Upper Colville Group, 
Davies 1987; Gangloff 1998; May and 
Gangloff 1999; Fiorillo and Gangloff 
2000) 

Theropoda 

Tyrannosauridae indet. 
Troodontidae 
Troodon formosus 
Dromaeosauridae 
Dromaeosaurus albertensis 
Saurornitholestes langstoni 
Theropoda indet. 
Ornithopoda 
Euornithopoda 
cf. Thescelosaurus sp. 
Undescribed hadrosaurid 
Hadrosauridae indet. 
Ceratopsia 
Ceratopsidae 
Pachyrhinosaurus cf. canadensis 
?Anchiceratops sp. 
?Brachyceratops sp. 
Ceratopsidae indet. 

Age: middle Maastrichtian (Frederiksen 
1986); early middle 
Maastrichtian (Brouwers 
et al. 1987) 


w 


4.4. ESTADO DE PUEBLA, MEXICO 


1. Mexcala Formation (Bravo-Cuevas and 
Jiménez-Hidalgo 1996) 
Theropod tracks 
Euornithopod tracks 
Age: Campanian-Maastrichtian (Bravo- 
Cuevas, V. M., and Jiménez- 
Hidalgo 1996) 


4.5. ESTADO DE BAJA CALIFORNIA NORTE, 
MEXICO 


1. “El Gallo” formation (Morris 1971, 
1973a, 1981; Carpenter and Alf 1994; 
Rodriguez de la Rosa 1998) 
Theropoda 

Tyrannosauridae indet. 
Ornithomimidae indet. 
Troodontidae indet. 
Troodon formosus 
Dromaeosauridae 
Saurornitholestes sp. 
Dromaeosauridae indet. 
Ankylosauria 
Ankylosauria indet. 
Nodosauridae 
cf. Euoplocephalus sp. 
Ornithopoda 
Hadrosauridae 
?Lambeosaurus laticaudus 
?Lambeosaurus sp. 
Hadrosaurinae indet. 
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Ceratopsia 
Ceratopsidae indet. 
Dinosaur eggs 
Age: Campanian (Morris 1981) 
2. “La Bocana Roja” formation (Molnar 
1974; Brodkorb 1976) 
Theropoda 
?Tyrannosauroidea 
Labocania anomala 
?Tyrannosauridae indet. 
Avialae 
Enantiornithiformes 
Alexornis antecedens 
Ornithopoda 
Hadrosauridae indet. 
Age: ?Campanian (Molnar 1974) 


4.6. ESTADO DE SONORA, MEXICO 


1. Snake Ridge Formation (Lull and Wright 
1942) 
Ornithopoda 
Hadrosauridae indet. 
Age: ?Maastrichtian (unconfirmed) 

. Corral de Enmedio Formation 
(Taliaferro 1933; Lucas and Gonzalez- 
Leon 1996) 

Theropoda 
Tyrannosauridae indet. 
Ornithopoda 
Hadrosauridae indet. (= Trachodon 
mirabilis) 
Ceratopsia 
Ceratopsidae indet. 
Age: late Campanian-Maastrichtian 
(Gonzales-Leon and Lucas 
1996) 

. Camas Formation (Taliaferro 1933; 
Gonzales-Leon and Lucas 1996 
Theropoda 

Tyrannosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: late Campanian-Maastrichtian 
(Gonzales-Leon and Lucas 
1996) 


4. Packard Formation (Taliaferro 1933; 
Gonzales-Leon and Lucas 1996) 
Ornithopoda 

Hadrosauridae indet. 
Age: late Campanian-Maastrichtian 
(Gonzales-Leon and Lucas 
1996) 


5. Lomas Coloradas Formation (Taliaferro 


1933; Gonzales-Leon and Lucas 1996) 


Age: Late Cretaceous (Rodriguez de la 
Rosa, pers. comm.) 


. Cerro del Pueblo Formation (Murray 


et al. 1960; Hernandez et al. 1996; 
Rodriguez de la Rosa and Cevallos- 
Ferriz 1998; Seranno Branas and 
Hernandez-Rivera 1998; Aguillon 
et al. 1999; Hernandez-Rivera and 
Delgado de Jesus 1999; Rodriguez 


Theropoda de la Rosa 2001) 
Tyrannosauridae indet. Theropoda 

Ornithopoda Tyrannosauridae indet. 
Hadrosauridae indet. Ornithomimidae indet. 

Ceratopsia ?Oviraptoridae indet. 


Ceratopsidae indet. 
Age: late Campanian-Maastrichtian 
(Gonzales-Leon and Lucas 
1996) 


4.7. ESTADO DE CHIHUAHUA, MEXICO 


1. Aguja Formation (Westgate, pers. 
comm.) 
Theropoda 


?Troodontidae indet. 
Dromaeosauridae indet. 
Avialan tracks 
Ankylosauria 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Hadrosaurinae indet. 
(?= Gryposaurus sp.) 


Tyrannosauridae indet. Lambeosaurinae indet. 
Maniraptora indet. Euornithopod tracks 
Ornithopoda Ceratopsia 
Hadrosauridae Ceratopsidae 
Kritosaurus sp. ?Chasmosaurus sp. 
Ceratopsia Ceratopsidae indet. (including 
Ceratopsidae Monoclonius sp.) 


?Chasmosaurus sp. 

Age: Campanian (Westgate, pers. 

comm.) 
2. Ojinaga Formation (Rodriguez de la 
Rosa, pers. comm.) 
Ceratopsia 
Ceratopsidae indet. 

Age: Late Cretaceous (Rodriguez de la 

Rosa, pers. comm.) 


4.8. ESTADO DE COAHUILA, MEXICO 


1. Palau Formation (Rodriguez de la Rosa, 


pers. comm.) 
Ceratopsia 
Ceratopsidae indet. 


w 


Dinosaur coprolites 
Age: late Campanian (Hernandez et al. 
1996) 


. Soledad Beds (Janensch 1926; Lull 1933) 


Ceratopsia indet. 
Age: late Maastrichtian (= Laramie 
Formation; Janensch 1926) 


5.1. DEPARTEMENTO DO COMAYAGUA, 


BR 


HONDURAS 


. Lower Valle de Angeles Redbeds (Horne 


et al. 1974; Finch 1981; Horne 1994) 
Ornithopoda 

Hadrosauridae indet. 
Age: Cenomanian (Horne 1994) 


Europe 


European Late Cretaceous dinosaurs are becoming increasingly 
well known (84 locations, amounting to a 110% increase). Areas 
in southern France, northern Spain, eastern Austria, The Nether- 
lands, and the Transylvania region of Romania have produced 
remarkable dinosaur faunas thanks to the early work of F. Nopcsa, 
P. Matheron, L. Dollo, A. F. de Lapparent, E. Bunzel, and H. G. 
Seeley. More recently, research in France by E. Buffetaut, P. Taquet, 
P. Kerourio, B. Sigé, J. Le Loeuff, and Y. Laurent, among others, 
has made this region one of the best known for its Late Cretaceous 
dinosaur faunas. In The Netherlands, A. W. F. Meijer, E. W. A. 
Mulder, and collaborators have extended our knowledge of the 
dinosaurs from the type localities of the Maastrichtian stage. 


6.2. SCANIA, SWEDEN 


1. Unnamed unit (Persson 1959) 
Theropoda indet. 
Age: early Campanian (Persson 1959) 


Ornithopoda 
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2. Unnamed unit (Nessov 1993) 


Euornithopoda indet. 
Age: early Campanian (Nessov 1993) 


Knowledge of the Late Cretaceous dinosaurs of Spain, one of the 
most promising European areas for new discoveries, has been 
increased through the important faunistic work of M. L. Casa- 
novas Cladellas, J. V. Santafé-Llopis, J. L. Sanz, C. Pol, X. Pereda- 
Suberbiola, A. Buscalioni, J. J. Moratalla, W. Brinkmann, A. Schulp, 
L. Ardévol, J. Company, and A. Galobart. A preliminary account 
of new hadrosaurid material from the Late Cretaceous of north- 
ern Italy has been reported by F. M. Dalla Vecchia. Finally, study 
of the important Romanian dinosaur fauna has been recently 
renewed by D. Grigorescu, Z. Csiki, V. Codrea, C.-M. Jianu, and 
D. B. Weishampel. All these Late Cretaceous faunas of Europe 
are indicated in figures 24.5 and 24.19. 


3. Unnamed unit (Nessov and Yarkov 1993; 
Kurochkin 2000) 
Theropoda 
Avialae 


?Hesperornithiformes indet. 
(= Hesperornis rossicus) 
Age: early Campanian (Nessov and 
Yarkov 1993) 


10.17. ISLE OF WIGHT, ENGLAND 


1. 


Upper Greensand (Lydekker 1888b; 

Le Loeuff 1993) (not plotted) 

Sauropoda indet. (= Titanosaurus 
lydekkeri) 

Age: early Cenomanian (Rawson et al. 
1978) 


10.21. KENT, ENGLAND 


1 


. Upper Greensand (= Chalk Marl; Huxley 


1867; Pereda-Suberbiola 1993a; Pereda- 
Suberbiola and Barrett 1999) 


Ankylosauria 
Nodosauridae indet. (= Acanthopholis 
horridus) 
Age: early Cenomanian (Rawson et al. 
1978) 


10.22. HERTFORDSHIRE, ENGLAND 


A, 


Lower Chalk (= Chalk Marl; Newton 1892) 
Ornithopoda 
Hadrosauridae indet. (=Iguanodon hilli) 
Age: early Cenomanian (Rawson et al. 
1978) 


II.3. PROVINCE DE NAMUR, BELGIUM 


Ae 


Glauconie argileuse (Dollo 1883c, 1903) 
Theropoda indet. (= Megalosaurus 
lonzeensis) 
Ornithopoda 
Iguanodontia 
Craspedodon lonzeensis 
Age: Santonian (Taquet 1976) 


II.4. PROVINCE DE LIMBURG, BELGIUM 


a 


Maastricht Formation (Buffetaut et al. 
1985b; Mulder et al. 1997, 1998) 
Ornithopoda 
Hadrosauridae indet. (including 
Orthomerus dolloi) 
Age: late Maastrichtian (Felder 1975a, 
1975b) 


12.1. PROVINCIE LIMBURG, 


1. 


THE NETHERLANDS 
Maastricht Formation (Seeley 1883; 
Buffetaut et al. 1985b; Mulder et al. 
1998; Jagt et al. 1999; Weishampel et al. 
1999) 
Theropoda 
Tetanurae indet. (= Megalosaurus 
bredai) 
Ornithopoda 
Hadrosauridae 
Euhadrosauria indet. 
Hadrosauridae indet. (including 
Orthomerus dolloi) 
Age: late Maastrichtian (Felder 1975a, 
1975b) 


14.1. DEPARTEMENT DE LA VENDEE, 


Are 


FRANCE 


Unnamed unit (“Grés calcaires”; Buffetaut 
et al. 1991; Buffetaut and Pouit 1994) 


Theropoda indet. 
Age: Turonian (Buffetaut et al. 1991) 
2. Unnamed unit (Buffetaut et al. 1991) 
Theropoda indet. 
Age: Santonian (Buffetaut and Pouit 
1994) 


14.7. DEPARTEMENT DU GARD, FRANCE 


1. Unnamed unit (Gervais 1859; Dumas 
1876; Buffetaut et al. 1991) 
Theropoda indet. (= Megalosaurus sp.) 
Age: Cenomanian (Buffetaut et al. 1991) 

2. Unnamed unit (Buffetaut et al. 1986; 
Sigé et al. 1997) 

Theropoda 
?Dromaeosauridae indet. 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Ornithopoda 
Euornithopoda 
cf. Rhabdodon priscus 
Age: Maastrichtian (Buffetaut et al. 
1986) 
3. Unnamed unit (Buffetaut et al. 1986) 
Theropoda 
?Dromaeosauridae indet. 
Age: late Cretaceous (Buffetaut et al. 
1986) 


14.8. DEPARTEMENT DU VAR, FRANCE 


1. Unnamed unit (Le Loeuff and Buffetaut 
1991) 
Theropoda 
Ceratosauria incertae sedis 
Tarascosaurus salluvicus 
Age: early Campanian (Buffetaut et al. 
1991, 1997a; Le Loeuff and 
Buffetaut 1991) 

2. Gres a Reptiles Formation (Lapparent 
1947; Le Loeuff et al. 1992; Buffetaut 
et al. 1995b, 2000a; Le Loeuff 1998) 
Theropoda 

?Abelisauridae indet. 
?Dromaeosauridae 
Variraptor mechinorum 
Avialae 
Enantiornithes indet. 
Ornithurae 
Gargantuavis philoinos 
Theropoda indet. (= Megalosaurus 
pannoniensis, Avialae indet.) 
Sauropoda 
Sauropoda indet. (= Hypselosaurus 
priscus, Titanosaurus indicus) 
Ankylosauria indet. 
Ornithopoda 
Euornithopoda 
Rhabdodon priscus 
Age: early Maastrichtian (= Rognacien; 
Lapparent 1947; Westphal 
and Durand 1990) 


3. Unnamed unit (Kérourio1982; Williams 


et al. 1984) 

Dinosaur eggs 

Age: early Maastrichtian (Williams et al. 
1984) 


4. Unnamed unit (Williams et al. 1984) 


Dinosaur eggs 


Age: late Maastrichtian (Williams et al. 
1984) 


14.12. DEPARTEMENT DE L’HERAULT, 
FRANCE 

1. Unnamed unit (“Fuvélien”; Le Loeuff 
1992, 1998; Buffetaut et al. 1996b, 
1997a; Garcia and Pereda-Suberbiola 
2003) 

Theropoda 
Dromaeosauridae indet. 
Ankylosauria 
Nodosauridae 
Struthiosaurus languedocensis 
Nodosauridae indet. 
Ornithopoda 
Euornithopoda 
cf. Rhabdodon priscus 
Age: early Campanian (Buffetaut et al. 
1996b, 1997a) 

2. Gres de Saint-Chinian (Lapparent 1947; 
Buffetaut et al. 1986, 1999; Buffetaut 
and Le Loeuff 1991; Vianey-Liaud and 
Crochet 1993; Garcia et al. 2000) 
Theropoda 

?Abelisauridae indet. 
?Dromaeosauridae 
Variraptor mechinorum 
Avialae 
Enanthiornithes indet. 
Theropoda indet. (= Megalosaurus 
pannoniensis) 
Sauropoda 
Lithostrotia 
Ampelosaurus atacis 
Ankylosauria indet. (= Rhodanosaurus 
lugdunensis) 
Ornithopoda 
Euornithopoda 
Rhabdodon septimanicus 
Dinosaur eggs 
Age: late Campanian-early 
Maastrichtian (Le Loeuff, 
unpubl. data) 

3. Unnamed unit (Garcia et al. 2000) 
Dinosaur eggs 
Age: Maastrichtian (Garcia et al. 2000) 


14.13. DEPARTEMENT DE LA DORDOGNE, 
FRANCE 


R 


. Unnamed unit (= Lignites du Sarladais; 
Arnaud 1866; Buffetaut et al. 1991) 
Dinosauria indet. (= Megalosaurus sp.) 
Age: Cenomanian (Arnaud 1866; 

Buffetaut et al. 1991) 

2. Craie tufau (Gervais 1852, 1859; 
Buffetaut et al. 1991; Laurent et al. 
2001) 

Sauropoda indet. (=?Aepysaurus sp.) 

Age: Campanian (Buffetaut et al. 1991; 
Le Loeuff 1992, 1993; 
Laurent et al. 2001) 

. Unnamed unit (Platel 1989; Buffetaut et 
al. 1991; Le Loeuff 1992, 1993, 1998) 
Sauropoda 

Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: late Campanian (Buffetaut et al. 
1991) 


w 
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14.16. DEPARTEMENT DE L’ORNE, FRANCE 
1. Craie chloritée (Moriére 1877; Bigot 
1904; Buffetaut et al. 1991) 
?Dinosauria indet. (doubtfully 
dinosaurian) 
Age: Cenomanian (Buffetaut et al. 1991) 


14.19. DEPARTEMENT DE LA CHARENTE- 
MARITIME, FRANCE 


RP 


. Unnamed unit (Lapparent 1967; 
Buffetaut et al. 1991) 
Sauropoda indet. (= Megalosaurus sp.) 
Age: Cenomanian (Lapparent 1967) 
2. Sables de Lussant (Buffetaut et al. 1991; 
Buffetaut and Pouit 1994) 
Theropoda indet. 
Sauropoda 
?Lithostrotia (=?Titanosauridae 
indet.) 
Age: Cenomanian (Buffetaut et al. 1991) 


14.23. DEPARTEMENT DE LA SARTHE, 
FRANCE 
1. Unnamed unit (Buffetaut 1989a) 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Cenomanian (Buffetaut 1989a; 
Buffetaut et al. 1991) 


14.24. DEPARTEMENT DE LA VIENNE, 
FRANCE 


= 


. Unnamed unit (Buffetaut and Pouit 
1994) 
Theropoda indet. 
Age: Cenomanian (Buffetaut and Pouit 
1994; reworked into 
Miocene) 


14.31. DEPARTEMENT DU VAUCLUSE, 
FRANCE 


RP 


. Unnamed unit (Depéret 1894; Buffetaut 
et al. 1991) 
Sauropoda indet. 
Age: early Cenomanian (Buffetaut et al. 
1991) 


14.33. DEPARTEMENT DU MAINE-ET-LOIRE, 
FRANCE 


1. Unnamed unit (Buffetaut et al. 1980) 
Theropoda indet. 
Ornithopoda 
Iguanodontia indet. 
Age: Cenomanian (Buffetaut et al. 1980; 
reworked into Miocene) 
2. Sables de Brézé (Buffetaut and Pouit 
1994) 


Theropoda indet. 
Age: Cenomanian (Buffetaut and Pouit 
1994) 
14.34. DEPARTEMENT DES LANDES, 
FRANCE 
1. Unnamed unit (Laurent et al. 2001) 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: late Campanian (Laurent et al. 
2001) 


14.35. DEPARTEMENT DE LA HAUTE- 
GARONNE, FRANCE 


RP 


. Calcarintes du Jadet Formation 
(= Calcaires nankin Formation; Paris 
and Taquet 1973; Le Loeuff et al. 1994a; 
Laurent 1996; Laurent et al. 1999, 2001, 
2002) 
Ornithopoda 
Hadrosauridae indet. 
Age: late Maastrichtian (Buffetaut et al. 
1991; Laurent et al. 2001, 
2002) 
2. Lestaillats Marls Formation (Laurent 
et al. 1999, 2001, 2002) 
Theropoda. 
?Dromaeosauridae indet. 
Theropoda indet. 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: late Maastrichtian (Laurent et al. 
1999) 
3. Marnes d’Auzas Formation (Le Loeuff 
et al. 1994a; Laurent 1996; Gheerbrant 
et al. 1997) 
Theropoda indet. 
Ankylosauria indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: late Maastrichtian (Le Loeuff et al. 
1994a) 


14.36. DEPARTEMENT DE L’ARIEGE, FRANCE 
1. Marnes d’Auzas (Le Loeuff 1991b; 
Le Loeuff et al. 1994a; Laurent 1997) 
Undescribed theropod 
Ornithopoda 
Hadrosauridae indet. 
Age: late Maastrichtian (Laurent 1997) 
2. Gres de Labarre Formation (Villatte et al. 
1985; Le Loeuff 1991b, 1998) 
Sauropoda 
Lithostrotia 
cf. Ampelosaurus atacis 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Euornithopoda 
Rhabdodon priscus 
Age: Maastrichtian (Villatte et al. 1985) 


14.37. DEPARTEMENT DE L’AUDE, FRANCE 
1. Grés d’Alet Formation (Le Loeuff, 
unpubl. data) 
Dinosaur eggs 
Age: Campanian (Bilotte 1985) 
2. Gres de Saint-Chinian Formation (Le 
Loeuff, unpubl. data) 
Theropoda 
?Dromaeosauridae 
Variraptor mechinorum 
Ornithopoda 
Euornithopoda 
Rhabdodon cf. priscus 
Age: late Campanian-early 
Maastrichtian (Le Loeuff, 
unpubl. data) 


590 DINOSAUR DISTRIBUTION AND BIOLOGY 


3. Marnes Rouges Inférieures Formation 
(Lapparent and Lavocat 1955; Lapparent 
1967; Clottes and Raynaud 1983; 
Beetschen 1985; Breton et al. 1986; 
Buffetaut et al. 1997a; Cousin et al. 
1989; Le Loeuff 1991a, 1992, 1993, 
1995, 1998; Le Loeuff et al. 1994a, 
1994b, 1994c) 

Theropoda 
Dromaeosauridae indet. 
Avialae 

Ornithurae 
Gargantuavis philoinos 
Theropoda indet. 

Sauropoda 

Lithostrotia 
Ampelosaurus atacis 

Ankylosauria indet. 

Ornithopoda 
Euornithopoda 

cf. Rhabdodon priscus 
Dinosaur eggs 
Age: early Maastrichtian (Bessiere et al. 
1989) 

4. Marnes rouges de Roquelongue 
Formation (Le Loeuff et al. 1993; 
Buffetaut et al. 1997a; Laurent et al. 
1997; Le Loeuff 1998) 

Theropoda 
Dromaeosauridae indet. 
Ornithopoda 
Hadrosauridae indet. 
Dinosaur eggs 
Age: late Maastrichtian-Danian 
(Laurent et al. 1997) 

. Calcaires et argiles de Vignevieille 
Formation (Lautier and Le Loeuff 1992) 
Dinosaur eggs 
Age: late Maastrichtian (Bilotte 1985) 


n 


14.38. DEPARTEMENT DES BOUCHES-DU- 
RHONE, FRANCE 
1. Gres a Reptiles Formation (Lapparent 
1947; Buffetaut et al. 1986; Le Loeuff 
et al. 1992; Le Loeuff and Buffetaut 
1998; Allain and Taquet 2000) 
Theropoda 
?Abelisauridae indet. 
?Dromaeosauridae 
Variraptor mechinorum 
Pyroraptor olympius 
Theropoda indet. 
Sauropoda 
Sauropoda indet. (= Hypselosaurus 
priscus) 
Ankylosauria indet. (= Rhodanosaurus 
lugdunensis) 
Ornithopoda 
Euornithopoda 
Rhabdodon priscus 
Age: early Maastrichtian (Westphal and 
Durand 1990) 
2. Unnamed unit (Kérourio 1982) 
Dinosaur eggs 
Age: late Campanian (Kérourio 1982) 
. Unnamed unit (Penner 1985) 
Dinosaur eggs 
Age: early Maastrichtian (Vianey-Liaud 
et al. 1994) 


w 


4. Unnamed unit (Kérourio 1981b) 
Dinosaur eggs 
Age: early Maastrichtian (Kérourio 

1981b) 

5. Unnamed unit (Kérourio 1981b, 1982; 
Williams et al. 1984; Cousin et al. 1987) 
Dinosaur eggs 
Age: late Maastrichtian (Williams et al. 

1984) 


I5.I. PROVINCIA DE SORIA, SPAIN 


1. Unnamed unit (Sanz et al. 1992) 
Dinosaur eggs 
Age: Maastrichtian (Sanz et al. 1992) 


15.3. PROVINCIA DE VALENCIA, SPAIN 


1. Unnamed unit (Sanz 1986) 
Ankylosauria 
Nodosauridae indet. 


Age: Santonian-Maastrichtian (Sanz 1986) 


2. Sierra Perenchiza Formation (Company 
et al. 1998) 
Ornithopoda 
Hadrosauridae 
Euhadrosauria indet. 
Age: Campanian-Maastrichtian 
(Gutierrez et al. 1984) 


3. Unnamed unit (Company, pers. comm.) 


Theropoda indet. 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Ankylosauria 
Nodosauridae indet. 
Ornithopoda 
Euornithopoda 
Rhabdodon sp. 
Dinosaur eggs 
Age: Campanian-Maastrichtian 
(Company, pers. comm.) 
4. Unnamed unit (Moratalla and Frances 
1991) 
Dinosaur eggs 
Age: Maastrichtian (Moratalla and 
Frances 1991) 
5. Unnamed unit (Casanovas-Cladellas 
1992) 
Ornithopoda 
Hadrosauridae indet. 
Age: Late Cretaceous (Casanovas- 
Cladellas 1992) 
6. Unnamed unit (Casanovas-Cladellas 
1992) 
Undescribed sauropod 
Age: Late Cretaceous (Casanovas- 
Cladellas 1992) 


15.4. PROVINCIA DE TERUEL, SPAIN 
1. Unnamed unit (Cuenca-Bescés et al. 
1999b) 
Theropods tracks 
Age: Cenomanian (Cuenca-Besc6s et al. 
1999a) 


15.6. PROVINCIA DE BURGOS, SPAIN 


1. Unit S3U1 (Sanz 1986; Astibia et al. 1987, 


1990; Pereda-Suberbiola 1993, 1999; 
Pereda-Suberbiola and Astibia 1993; 
Pereda-Suberbiola et al. 1995, 2000; 


Le Loeuff 1998; Pereda-Suberbiola and 
Sanz 1999; Sanz et al. 1999) 
Theropoda 
?Abelisauridae indet. 
Ornithomimosauria indet. 
?Troodontidae indet. 
(= cf. Euronychodon sp.) 
Dromaeosauridae indet. 
(several species) 
Sauropoda 
Lithostrotia 
Lirainasaurus astibiae 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Ankylosauria 
Nodosauridae 
Struthiosaurus sp. 
Nodosauridae indet. 
Ornithopoda 
Euornithopoda 
Rhabdodon sp. 
Hadrosauridae indet. 
Euornithopoda indet. 
Age: late Campanian (Pereda-Suberbiola 
et al. 2000) 


. Unnamed unit (Pereda-Suberbiola et al. 


1999) 
Sauropoda 
Titanosauridae indet. 

Ankylosauria indet. 

Ornithopoda indet. 

Age: late Campanian-early 
Maastrichtian (Pereda- 
Suberbiola et al. 1999) 


. Calizas de Lychnus Formation 


(Moratalla 1990; Moratalla and Frances 
1991; Pol et al. 1992) 
Theropoda 
?Troodontidae indet. (= cf. 
Paronychodon sp.) 
Dromaeosauridae indet. 
Ankylosauria indet. 
Dinosaur eggs 
Age: Maastrichtian (Pol et al. 1992) 


15.8. PROVINCIA DE LLEIDA, SPAIN 


1. Arén Formation (Lapparent and Aguirre 


1956a, 1956b; Bataller 1958, 1960; 
Lapparent 1958, 1959; Erben et al. 1979; 
Llompart and Kraus 1982; Brinkmann 
1984; Casanovas-Cladellas et al. 1984, 
1985a, 1985b, 1986, 1988, 1993d, 1995d; 
Llompart et al. 1984; Kohring 1989; 
Casanovas-Cladellas 1992; Le Loeuff 
1993; Ardévol et al. 1995; Sanz et al. 
1995; Sander et al. 1998; Priéto-Marquez 
et al. 2000) 
Theropoda 

Coelurosauria incertae sedis 

cf. Ricardoestesia sp. 

Theropoda indet. (= Megalosaurus sp.) 

Theropod tracks 
Sauropoda 

Sauropoda indet. (including 

Hypselosaurus sp., 
Titanosaurus cf. indicus) 

Sauropod tracks 
Ornithopoda 

Euornithopoda 


w 


5. 


Rhabdodon priscus 
Iguanodontia indet. 
Hadrosauridae 
Pararhabdodon isonensis 
Hadrosauridae indet. 
(= Orthomerus sp.) 
Euornithopod tracks 
Dinosaur eggs 
Age: Maastrichtian (Senz 1998) 


. Lower Tremp Formation (Llompart 1979; 


Casanovas-Cladellas 1992; Casanovas- 
Cladellas and Santafé-Llopis 1993; 
Casanovas Cladellas et al. 1993b; Vianey- 
Liaud and Lopez-Martinez 1997; Lopez- 
Martinez et al. 1998a, 1998b, 1999; 
Sander et al. 1998; Lopez-Martinez 
1999; Martinell et al. 2001) 
Sauropoda 
Sauropoda indet. (including 
Hypselosaurus sp., 
Titanosaurus indicus) 
Sauropod tracks (may be feeding 
traces of rays) 
Ornithopoda 
Euornithopoda 
Rhabdodon priscus 
Hadrosauridae 
Euhadrosauria indet. 
Euornithopod tracks 
Dinosaur eggs 
Age: late Maastrichtian (Galbrun et al. 
1993) 


. Unnamed unit (Le Loeuff 1998) 


Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: late Maastrichtian (Le Loeuff 1998) 


. Unnamed unit (Casanovas-Cladellas 


1992) 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Ornithopoda 
Hadrosauridae indet. 
Age: Late Cretaceous (Casanovas- 
Cladellas 1992) 
Unnamed unit (Casanovas-Cladellas 
et al. 1988) 
Theropoda 
Tetanurae indet. (= Megalosauridae 
indet.) 
Age: Late Cretaceous (Casanovas- 
Cladellas et al. 1988) 


15.9. PROVINCIA DE CUENCA, SPAIN 


I; 


Villalba de la Sierra Formation 
(Gutierrez and Robles 1979; Moratalla 
and Frances 1991) 

Dinosaur eggs 

Age: Maastrichtian (Moratalla 1992) 


I5.1I. PROVINCIA DE SEGOVIA, SPAIN 


il, 


Unnamed unit (Sanz 1986; Sanz and 
Buscalioni 1987; Buscalioni and 
Martinez -Salanova 1990) 
Theropoda indet. 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
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Sauropoda indet. 
Ornithischia indet. 
Ornithopoda 
Euornithopoda 
Rhabdodon sp. 
Age: Campanian-Maastrichtian (Sanz 
and Buscalioni 1987) 


I5.12. PROVINCIA DE HUESCA, SPAIN 


1. Tremp Formation (Lopez-Martinez et al. 
2001; Cuenca-Bescos and Canudo, pers. 
comm.) 

Theropoda 
Coelurosauria indet. 
?Troodontidae indet. 
(= cf. Euronychodon sp.) 
Dromaeosauridae indet. (two species) 
Sauropoda indet. 
Ornithopoda 
Euhadrosauria indet. 
Hadrosauridae indet. 
Dinosaur eggs 
Age: late Maastrichtian (Cuenca-Bescés 
and Canudo, pers. comm.) 


15.13. PROVINCIA DE BARCELONA, SPAIN 


1. Tremp Formation (Le Loeuff and 
Martinez-Rius 1997; Schulp and Brokx 
1999) 

Sauropod tracks 

Age: Maastrichtian (Le Loeuff and 
Martinez-Rius 1997; Schulp 
and Brokx 1999) 


16.3. DISTRITO DO COIMBRA, PORTUGAL 


1. Unnamed unit (Lapparent and 
Zbyszewski 1957; Antunes and Pais 
1978) 

Theropoda 
Coelurosauria indet. 
Theropoda indet. (=?Megalosaurus 
pannoniensis) 
Age: late Campanian-?Maastrichtian 
(Lapparent and Zbyszewski 
1957; Antunes and Pais 1978) 

2. Unnamed unit (Antunes and Sigogneau- 
Russell 1991, 1992; Galton 1996) 
Theropoda 

Coelurosauria indet. (= A, B, C; 
Antunes and Sigogneau- 
Russell 1992) 
?Troodontidae indet. (= Euronychodon 
portucalensis) 
Dromaeosauridae indet. 
Theropoda indet. (= “Carnosauria,” 
Galton 1996; Ther. indet. 
A, B, Antunes and 
Sigogneau-Russell 1992) 
Sauropoda indet. 
Ornithopoda indet. (= Taveirosaurus 
costai) 
Age: late Campanian-Maastrichtian 
(Galton 1996) 

17.3. BAYERN, GERMANY 

1. Gerhartsreiter Schichten (Wellnhofer 
1994) 

Ornithopoda 
Hadrosauridae indet. 
Age: late Maastrichtian (Wellnhofer 1994) 


19.4. REGIONE FRIULI-VENEZIA GIULIA, 
ITALY 


BR 


. Calcari di Aurisina (Brazzatti and 
Calligaris 1995; Dalla Vecchia 1997a) 
Ornithopoda 

Unnamed hadrosaurid 
Age: late Santonian (Tarlao et al. 1994; 
Tentor et al. 1994) 


19.8. REGIONE PUGLIA, ITALY 


. Calcare di Altamura (Nicosia et al. 2000; 
Dalla Vecchia 2001b) 
?Sauropod tracks 
?Ankylosaur tracks 
Hadrosaurid tracks 
Age: late Coniacian-early Santonian 
(Dalla Vecchia 2001b) 


a 


23.1. SEVEROCESKY KRAJ, CZECH REPUBLIC 


1. Korycaner Formation (Fritsch 1905) 
?Dinosauria indet. (= Iguanodon 
exogirarus) 
Age: Cenomanian (Fritsch 1905) 


23.2. VYCHODOCESKY KRAJ, CZECH 
REPUBLIC 


1. Preiesener Formation (Fritsch 1905) 
?Dinosauria indet. (= Albisaurus scutifer) 
Age: ?Coniacian-?Santonian (=?early 

Senonian; Fritsch 1905) 


24.1. NIEDEROSTERREICH, AUSTRIA 


1. Gosau Formation (Bunzel 1871; Seeley 
1881; Pereda-Suberbiola 1993b; Le 
Loeuff 1998) 

Theropoda indet. (= Megalosaurus 
pannoniensis) 
Ankylosauria 
Nodosauridae 
Struthiosaurus austriacus (including 
Crataeomus lepidophorus, 
C. pawlowitschii partim, 
Danubiosaurus anceps partim, 
Hoplosaurus ischyrus, 
Leipsanosaurus noricus, 
Pleuropeltis suessi partim) 
Ankylosauria indet. (= Danubiosaurus 
anceps partim) 
?Ankylosauria indet. (= Rhadinosaurus 
alcinus) 
Ornithopoda 
Euornithopoda 
?Rhabdodon priscus (= Mochlodon 
suessi) 
Age: Campanian (Jeletzky 1960; Thenius 
1974) 


26.2. VESZPREM, HUNGARY 


1. Csehbany Formation (Osi, in press) 
Theropoda 
Coelurosauria incertae sedis 
Ricardoestesia cf. gilmorei 
Maniraptora indet. 
Ankylosauria 
Unnamed nodosauridae 
Ornithopoda 
Euornithopoda 
?Rhabdodon priscus 
Age: late Santonian (Osi, in press) 
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27.2. OBCINA DIVACA, SLOVENIA 


1. ?Liburnian Formation (Debeljak et al. 
1999; Dalla Vecchia 2001b) 
Theropoda 

?Dromaeosauridae indet. 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Ornithopoda indet. 

Age: early Campanian-late 
Maastrichtian (Debeljak et 
al. 1999); late Maastrichtian 
(Dalla Vecchia 2001b) 


28.1. ISTARSKA ZUPANIJA, CROATIA 


1. Unnamed unit (Gogala 1975; Leghissa 
and Leonardi 1990; Dalla Vecchia et al. 
1993; Dalla Vecchia and Tarlao 1995; 
Dalla Vecchia and Venturini 1996; Dalla 
Vecchia 1997b, 1998b, 2001c; Mezga and 
Bajraktarevic 1999; Dalla Vecchia et al. 
2001) 

Sauropod tracks 

Theropod tracks 

Age: late Cenomanian (Dalla Vecchia 
et al. 2001) 


29.1. JUDETUL BIHOR, ROMANIA 


1. Unnamed unit (Nopcsa 1901; Csiki and 
Grigorescu 1998; = “Gosau coal”) 
Tetanurae indet. (= Megalosaurus 

hungaricus) 
Age: ?early Campanian (Csiki and 
Grigorescu 1998) 


29.3. JUDETUL HUNEDOARA, ROMANIA 


1. Sanpetru Formation (Nopcsa 1915, 
1923a; Huene 1929b, 1932; Harrison and 
Walker 1975; Grigorescu 1983a, 1983b, 
1984a, 1984b; Grigorescu et al. 1985; 
Weishampel et al. 1991, 1993, 2003; 
Weishampel and Jianu 1996; Csiki 1997, 
1999; Csiki and Grigorescu 1998; 
Grigorescu et al. 1999) 

Theropoda 
Ceratosauria indet. 
?Troodontidae indet. (including 
Bradycneme dracullae, 
Elopteryx nopcsai, 
Heptasteornis andrewsi, 
cf. Euronychodon sp.) 
Dromaeosauridae indet. 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda 
Lithostrotia 
Magyarosaurus dacus (including 
M. hungaricus, 
M. transsylvanicus) 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Ankylosauria 
Nodosauridae 
Struthiosaurus transylvanicus 
Ornithopoda 
Euornithopoda 
Zalmoxes robustus 
Zalmoxes shqiperorum 
Hadrosauridae 
Telmatosaurus transsylvanicus 


?Dinosaur coprolites 
Age: ?late Maastrichtian (Grigorescu 
1983a, 1987; 1992) 

2. Densus Ciula Formation (Weishampel 
et al. 1991, 2003; Csiki 1997; Csiki and 
Grigorescu 1998; Grigorescu et al. 
1999) 

Theropoda 
?Troodontidae indet. 
Dromaeosauridae indet. 
Unnamed theropod 
Theropoda indet. 
Sauropoda 
Lithostrotia 
Magyarosaurus dacus 
Ornithopoda 
Euornithopoda 


Zalmoxes robustus 
Zalmoxes shqiperorum 
Age: ?late Maastrichtian 
(Grigorescu 1983a, 
1987, 1992) 


29.4. JUDETUL ALBA, ROMANIA 


1. Unnamed unit (= “Bozes strata”; Nopcsa 
1905c; Grigorescu 1987; Weishampel et 
al. 2003) 

Theropoda indet. 
Ankylosauria 
Nodosauridae 
Struthiosaurus transylvanicus 
Ornithopoda 
Euornithopoda 
Zalmoxes shqiperorum 


Age: ?late Maastrichtian (Antonescu 
1973; Ianovici et al. 1976; 
Antonescu et al. 1983) 


30.1. KRYMSKAYA OBLAST, UKRAINE 


1. Unnamed unit (Riabinin 1945) 
Ornithopoda 
Hadrosauridae indet. (= Orthomerus 
weberi) 
Age: Maastrichtian (Jeletzky 1962) 


37.6. KURSKAYA OBLAST, RUSSIA 


1. Unnamed unit (Kiprijanow 1883) 
Theropoda indet. (= Poekilopleuron 
schmidti) 
Age: Cenomanian (Rozhdestvensky 
1973b) 


Asia 


The Asian record of Late Cretaceous dinosaurs (110 locations, an 
increase of more than 80%; figs. 24.6, 24.16, 24.20, 24.21, and 
24.22) includes the famous discoveries in the Mongolian 
Gobi Desert (Lavas 1993) by the Central Asiatic Expeditions (An- 
drews 1932), the Joint Soviet-Mongolian Expeditions (Efremov 
1956), and the Polish-Mongolian Expeditions (Kielan-Jaworowska 
1969). These explorations continue to the present day through 
the important research of the Joint Mongolian Academy of 
Science-American Museum of Natural History expeditions (No- 
vacek 1996) and the Hayashibara Museum of Natural Sciences- 
Geological Institute of the Academy of Science of Mongolia Joint 
Paleontological Expeditions (Ishii et al. 1995). 

Dinosaur material has also been recovered from early Late 
Cretaceous horizons of Kazakhstan, Uzbekistan, Tadzhikistan, 


and Kirghizia by S. M. Kurzanov, A. N. Riabinin, A. K. Rozhdest- 
vensky, and most recently by J. D. Archibald, A. O. Averianov, 
L. A. Nessov, H.-D. Sues, and colleagues. The dinosaurs of central 
India are known through the work of C. A. Matley and F. von 
Huene and later work by S. L. Jain, D. M. Mohabey, K. N. Prasad, 
A. Sahni, and P. Yadagiri. Known from important locations in 
the People’s Republic of China, principally Nei Mongol Zizhiqu, 
Henan, and Shandong, these dinosaur assemblages have been 
studied by C. Wiman and C.-C. Young, and later by Hu C.-C., 
P. J. Currie, D. A. Eberth, P. Godefroit, Zhao X.-J., Pang Q.-P., and 
Chen Z.-W. Finally, through recent efforts, the dinosaur faunas 
of Japan are beginning to be understood, thanks to the efforts 
of Y. Azuma, Y. Tomida, Y. Hasegawa, and colleagues. 


31.1. MECHOOZ YERUSHALAYIM, ISRAEL 


1. Unnamed unit (Avnimelech 1962, 
1966) 
Theropod tracks 
Age: early Cenomanian (Avnimelech 
1962a, 1966) 


32.1. MUHAFAZAT DIMASHQ, SYRIA 


1. Unnamed unit (Hooijer 1968) 
Theropoda indet. 
Age: ?Cenomanian (Hooijer 1968) 


33.1. HASHEMITE KINGDOM, JORDAN 


1. Phosphorite Unit, Balqa Group (Martill 
et al. 1996b) 
?Ornithopoda indet. 
Age: Maastrichtian (Martill et al. 1996b) 


3.4.1. MUSQAT, SULTANATE OF OMAN 
1. Al-Khod Conglomerate (Schulp et al. 
2000) 
Theropoda indet. 
Ornithopoda indet. 
Age: Maastrichtian (Nolan et al. 1990) 


37.7. YEVREYSKAYA AVTONOMNAYA OBLAST, 
RUSSIA 


1. Tsagaan Svita (Riabinin 1930b; Bolotsky 
and Kurzanov 1991; Godefroit et al. 
2003; Godefroit, pers. comm.; Kurzanov, 
pers. comm.) 


Theropoda 
?Tyrannosauridae indet. 
Ornithopoda 
Hadrosauridae 
Amurosaurus riabinini 
Olorotitan arharensis 
Hadrosaurinae indet. (= Trachodon 
amurensis) 
Age: late Maastrichtian (Godefroit, 
pers. comm.) 


37.8. CHUKOTSKIY AVTONOMNYY OKRUG, 
RUSSIA 


a 


. Kakanaut Formation (Nessov and 
Golovneva 1990; Rich et al. 1997) 
Theropoda 

Troodontidae 
Troodon cf. formosus 
?Avialae indet. 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: middle Maastrichtian (Nessov and 
Golovneva 1990) 


37.9. VOLGOGRAD OBLAST, RUSSIA 


1. Unnamed unit (Kurochkin 2000) 
Theropoda 
Avialae 
?Hesperornithiformes indet. 
(= Hesperornis rossicus) 


Hesperornis sp. 
Age: early Campanian (Kurochkin 2000) 
2. Unnamed unit (Kurochkin 2000) 
Theropoda 
Avialae 
Aves 
?Pelicanniformes 
Volgavis marina 
Age: late Maastrichtian (Kurochkin 2000) 
. Unnamed unit (Averianov and Yarkov 
2004) (not plotted) 
?Tetanurae indet. 
?Dromaeosauridae indet. 
Age: early Maastrichtian (Averianov and 
Yarkov 2004) 


w 


37.10. AMURSKAYA AVTONOMNAYA 
OBLAST, RUSSIA 


RB 


. Tsagaan Svita (Bolotsky and Moiseenko 
1988; Bolotsky et al. 1989) 
Theropoda indet. 
Ornithopoda 
Undescribed hadrosaurid 
Age: Campanian-Maastrichtian 
(Bolotsky et al. 1989) 


37.11. SAKHALINSKAYA OBLAST, RUSSIA 


1. Ryugase Group (Nagao 1936; Suzuki 
et al. 2004) 
Ornithopoda 
Hadrosauridae 
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Nipponosaurus sachalinensis 
Age: late Santonian-early Campanian 
(Matsumoto and Obata 
1979) 


39.1. ONGTUSTIK QAZAQSTAN OBLYSY, 
KAZAKHSTAN 


1. Yalovach Svita (Rozhdestvensky and 

Khozatsky 1967) 

Theropoda indet. 

Sauropoda indet. 

Ornithopoda 

Hadrosauridae 
Lambeosaurinae indet. 

(?=Jaxartosaurus sp.) 

Age: Turonian-early Santonian 
(Rozhdestvensky 1977) 

2. Dabrazinskaya Svita (Riabinin 1931b, 
1937, 1938; Rozhdestvensky 1968a; 
Nessov 1995; Kurzanov, pers. comm.) 
Sauropoda indet. (= Antarctosaurus 

jaxartensis) 
Ornithopoda 
Hadrosauridae 
Jaxartosaurus aralensis (including 
Procheneosaurus convincens) 
Hadrosauridae indet. 
(= Bactrosaurus prynadai, 
Cionodon kysylkumensis) 
Age: Turonian-Santonian 
(Rozhdestvensky 1968a; 
Kurzanov, pers. comm.) 

3. Unnamed unit (Nurumov 1964; 

Kurzanov, pers. comm.) 

Dinosaur eggs 

Age: ?Late Cretaceous (Rozhdestvensky 
1973b) 


39.3. QYZYLORDA OBLYSY, KAZAKHSTAN 


1. Beleuta Svita (Rozhdestvensky 1968a; 
Kurzanov, pers. comm.) 
Theropoda 
Tyrannosauridae indet. 
?Therizinosauridae indet. 
Sauropoda indet. 
Ankylosauria 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Aralosaurus tuberiferus 
Hadrosauridae indet. 
Age: Turonian-Santonian 
(Rozhdestvensky 1968a) 
2. Bostobe Svita (Shilin and Suslov 1982; 
Nessov et al. 1994; Kordikova et al. 
1996; Kurzanov, pers. comm.) 
Theropoda 
Tyrannosauroidea incertae sedis 
Alectrosaurus sp. 
Tyrannosauridae indet. 
Therizinosauroidea indet. 
Dromaeosauridae indet. 
Theropoda indet. 
Ankylosauria 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Aralosaurus tuberiferus 
cf. Lophorhothon sp. 
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Hadrosauridae indet. (including 
Arstanosaurus akkurganensis) 
Age: Santonian-early Campanian 
(Nessov et al. 1994) 


3. Manrakskaya Svita (Bazhanov 1961; 


Sochava 1971; Kurzanov, pers. comm.) 

Dinosaur eggs 

Age: Late Cretaceous (Rozhdestvensky 
1973b) 


39.4. ZHEZQAZGHAN OBLYS, 


KAZAKHSTAN 


1. Kankazgan Formation (Kordikova et al. 


1996) 
Theropoda 
Tyrannosauridae indet. 
Ornithomimidae indet. 
Dromaeosauridae indet. 
Age: Cenomanian-Turonian (Kordikova 
et al. 1996) 


39.5. QOSTANAY OBLYSY, KAZAKHSTAN 


1. 


Eginsai Svita (Nessov and Prizemlin 
1991; Kurochkin 2000) 
Theropoda 
Avialae 
Hesperornithiformes 
Asiahesperornis bazhanovi 
Age: late Santonian-early Campanian 
(Kurochkin 2000) 


40.3. QORAQALPOGHISTON RESPUBLIKASI, 


RP 


UZBEKISTAN 


. Upper Khodzhakul Formation (Nessov 


et al. 1994; Nessov 1995) 
?Troodontidae indet. (including 
Pectinodon asiamericanus, 
Troodon asiamericanus) 
Ankylosauria indet. 
Ornithopoda 
Hadrosauridae 
?Gilmoreosaurus sp. 
Ceratopsia 
Neoceratopsia indet. (= Asiaceratops 
salsopaludalis, Kulceratops 
kulensis) 
Age: early Cenomanian (Nessov et al. 
1994) 


40.4. BUKHARA WILOYATI, UZBEKISTAN 


1; 


Unnamed unit (Nessov and Kaznachkin 

1986) 

Dinosaur eggs 

Age: Late Cretaceous (Nessov and 
Kaznachkin 1986) 


40.5. NAWOIY WILOYATI, UZBEKISTAN 


1. 


Beleuta Svita (Kurzanov 1976a) 
Theropoda 
?Tyrannosauroidea 
Itemirus medullaris (may be from 
Bissekty Formation; 
Archibald et al. 1998) 
Ornithomimidae indet. 
Ornithopoda 
Hadrosauridae indet. (= Cionodon 
kysylkumensis) 
Age: Turonian-Santonian 
(Rozhdestvensky 1968a) 
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40.6. BUKHORO WILOYATI, UZBEKISTAN 
1. Bissekty Formation (Nessov 1984, 1986, 


1992, 1995; Nessov and Yarkov 1989; 
Currie et al. 1993; Nessov and Pantheleev 
1993; Nessov et al. 1994; Kurochkin 
1996, 1999, 2000; Archibald et al. 1998; 
Averianov 2002) 
Theropoda 
Tyrannosauridae indet. 
Therizinosauroidea indet. 
Ornithomimosauria indet. (including 
Archaeornithomimus 
bissektensis) 
Oviraptorosauria 
Caenagnathasia martinsoni 
?Troodontidae indet. (= Euronychodon 
asiaticus) 
Dromaeosauridae indet. 
Avialae 
Ornithothoraces 
Kuszholia mengi 
Enantiornithes 
Enantiornis walkeri 
Enantiornis martini 
Kizylumavis cretacea 
Lenesornis maltshevskyi 
Sazavis prisca 
Zhyraornis kashkarovi 
Zhyraornis logunovi 
?Avialae indet. (= Ichthyornis 
minusculus, Platannavis nana) 
Sauropoda indet. 
Ankylosauria incertae sedis 
Amtosaurus archibaldi 
Ankylosauridae indet. 
Ornithopoda 
Hadrosauridae 
Bactrosaurus kysylkumensis 
Undescribed hadrosaurid 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia indet. (including 
Turanoceratops tardabilis) 
Ceratopsidae indet. 
Age: late Turonian-Coniacian (Nessov 
et al. 1994) 


42.1. OSH OBLAST, KIRGHIZIA 


1 


. Ialovachsk Formation (Nessov and 


Kaznachkin 1986) 

Dinosaur eggs 

Age: Turonian-Santonian (Nessov and 
Kaznachkin 1986) 


. Nichkesaisk Formation (Nessov and 


Kaznachkin 1986) 

Dinosaur eggs 

Age: Santonian-Campanian (Nessov and 
Kaznachkin 1986) 


42.2. DZHALAL-ABAD OBLAST, KIRGHIZIA 


1. 


Nichkesaisk Formation (Nessov and 

Kaznachkin 1986) 

Dinosaur eggs 

Age: Santonian-Campanian (Nessov and 
Kaznachkin 1986) 


43.1. VILOYATI LENINOBOD, TADZHIKISTAN 


1. 


Unnamed unit (Zakharov 1964; 
Rozhdestvensky 1973b) 


Theropod tracks 
Age: Cenomanian (Rozhdestvensky 
1973b) 


2. Yalovach Svita (Rozhdestvensky 1977) 


Theropoda 
Tyrannosauridae indet. 
Ornithomimidae indet. 
?Troodontidae indet. (= Troodon 
isfarensis) 
Ornithopoda 
Hadrosauridae indet. 
Age: Turonian-early Santonian 
(Rozhdestvensky 1977) 


45.1. BALOCHISTAN, PAKISTAN 


1 


Pab Formation (Malkani et al. 2001) 
Sauropoda 

Undescribed titanosaurians 
Age: Maastrichtian (Malkani et al. 2001) 


46.1. MADHYA PRADESH, INDIA 


qe 


Lameta Formation (DasGupta 1931; 
Huene and Matley 1933; Chatterjee 
1978b; Berman and Jain 1982; Jain and 
Sahni 1983; Vianey-Liaud et al. 1987; 
Sahni 1989; Sahni and Tripathi 1990; 
Sahni and Khosla 1994; Joshi 1995; 
Khosla and Sahni 1995; Loyal et al. 
1996; Mohabey 2000, 2001) 
Theropoda 

Ceratosauria 

Indosaurus matleyi 

Indosuchus raptorius 

Laevisuchus indicus 

Ceratosauria indet. (= Coeluroides 
largus, Dryptosauroides 
grandis, Jubbulpuria tenuis, 
Lametasaurus indicus 
partim, Ornithomimoides 
mobilis, O. barasimlensis, 
Orthogoniosaurus matleyi) 

?Carnosauria 
Compsosuchus solus 
Ornithomimidae indet. 
Sauropoda 
Lithostrotia 
Titanosaurus indicus 
Titanosaurus blanfordi 
Jainosaurus septentrionalis 
(= Antarctosaurus 
septentrionalis) 

?Titanosaurus sp. 

?Antarctosaurus sp. 

Titanosauria indet. (= Lametasaurus 
indicus partim, Titanosaurus 
cf. madagascariensis) 

Ankylosauria indet. 

(= Brachypodosaurus gravis; 
Lametasaurus indicus partim) 

Dinosaur eggs 

Age: Maastrichtian (Buffetaut 1987; 
Sahni and Tripathi 1990; 
Dogra et al. 1994; Khosla 
and Sahni 1995; Loyal et al. 
1996) 


46.2. ANDHRA PRADESH, INDIA 


A 


Intertrappean Beds (Sahni et al. 1984a, 
1984b; Vianey-Liaud et al. 1987; Prasad 


1989; Prasad and Khajura 1995; 

Mohabey 2000, 2001) 

Theropoda indet. 

Dinosaur eggs 

Age: late Maastrichtian (Prasad 1989; 
Prasad and Khajura 1995) 


46.3. GUJARAT, INDIA 


1. Lameta Formation (Infratrappean 


Limestone; Dwivedi et al. 1982; 
Mohabey 1983, 1984, 1986, 1990, 1998, 
2000, 2001; Srivastava 1983; Srivastava 
et al. 1986; Mathur and Srivastava 1987; 
Bajpai et al. 1993; Sahni and Khosla 
1994; Khosla and Sahni 1995; Chatterjee 
and Rudra 1996; Loyal et al. 1996; Jain 
and Bandyopadhyay 1997; Roy- 
Chowdhury et al. 1998; Wilson 
et al. 2003) 
Theropoda 
Ceratosauria 
Rajasaurus narmadensis 
Ceratosauria indet. 
(= Majungasaurus 
crenatissimus) 
Undescribed abelisaurids 
(two species) 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda 
?Sauropod tracks 
Sauropoda indet. (= Titanosaurus 
rahioliensis) 
Ankylosauria 
Undescribed ?ankylosaurid 
Dinosauria eggs 
Age: Maastrichtian (Buffetaut 1987; 
Sahni and Tripathi 1990; 
Dogra et al. 1994; Khosla and 
Sahni 1995; Loyal et al. 1996) 


. Wagad Formation (Intertrappean Beds; 


Ghevariya and Srikarni 1990) 

?Sauropod tracks 

?Euornithopod tracks 

Age: Maastrichtian (Ghevariya and 
Srikarni 1990) 


. Anjar Formation (Intertrappean Beds; 


Ghevariya and Srikarni 1990; Mohabey 

2000, 2001) 

Undescribed saurischians 

Undescribed ornithischians 

Dinosaur eggs 

Age: Maastrichtian (Ghevariya and 
Srikarni 1990) 


. Katrol Formation (Intertrappean Beds; 


Ghevariya and Srikarni 1990) 

?Sauropod tracks 

?Euornithopod tracks 

Age: Maastrichtian (Ghevariya and 
Srikarni 1990) 


. Bhuj Formation (Intertrappean Beds; 


Ghevariya and Srikarni 1990) 

?Sauropod tracks 

?Euornithopod tracks 

Age: Maastrichtian (Ghevariya and 
Srikarni 1990) 


46.5. MAHARASHTRA, INDIA 


1. Lameta Formation (Lydekker 1879; 


Matley 1941; Prasad and Verma 1967; 


Berman and Jain 1982; Sahni et al. 
1984a, 1984b; Jain and Sahni 1985; 
Vianey-Liaud et al. 1987; Mohabey et al. 
1993; Mohabey 1996, 2000a, 2000b, 
2001a, 2001b; Jain and Bandyopadhyay 
1997; Ghosh et al. 2003; Mohabey and 
Samant 2003) 
Sauropoda 
Lithostrotia 
Titanosaurus indicus 
Titanosaurus blanfordi 
“Titanosaurus” colberti 
Antarctosaurus sp. 
Sauropoda indet. (= Titanosaurus 
cf. madagascariensis) 
Dinosaur eggs 
Dinosaur coprolites 
Age: Maastrichtian (Buffetaut 1987; 
Sahni et al. 1984b; Dogra 
et al. 1994) 

2. Takli Formation (Lydekker 1890b; 
Huene and Matley 1933; Sahni et al. 
1984a, 1984b, 1984c; Mohabey 2000, 
2001) 

Theropoda indet. (= Massospondylus 
rawesi) 

Undescribed sauropod 

Dinosaur eggs 

Age: late Maastrichtian (Sahni et al. 
1984b) 


46.6. TAMIL NADU, INDIA 


1. Trichinopoly Group (Anonymous 1978; 
Yadagiri and Ayyasami 1979, 1989) 
Theropoda indet. 

Sauropoda indet. (= Bruhathkayosaurus 
matelyi) 
Stegosauria 
Stegosauridae 
Dravidosaurus blanfordi 
Age: Coniacian (Sastry et al. 1969) 

2. Kallankurichi Formation (Huene and 
Matley 1933; Rao 1956; Prasad 1968; 
Mohabey 2000, 2001) 

Theropoda indet. 
Sauropoda 

Lithostrotia 

Titanosaurus indicus 

Stegosauria 

Stegosauridae indet. 
Dinosaur eggs 
Age: Maastrichtian (Sastry et al. 1969) 


46.7. MEGHALAYA, INDIA 


1. Mahadek Formation (Mishra and Sen 
2001) 
Dinosauria indet. 
Age: Maastrichtian (Mishra and Sen 
2001) 


47.3. BAYANKHONGOR, MONGOLIA 


1. Baruungoyot Formation (Elzanowski 
1974, 1977; Nessov and Kaznachkin 
1986; Kurochkin 2000) 

Theropoda 
Avialae 
Enantiornithes 
Gobipteryx minuta 
Dinosaur eggs 
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Age: ?middle Campanian (Gradzinski 
et al. 1977); Maastrichtian 
(Fox 1978; Lillegraven and 
McKenna 1986) 

2. Nemegt Svita (Barsbold 1983b; 
Kurochkin 2000; = Beds of Bugeen Tsav, 
Gradzinski et al. 1977; Kurochkin 2000) 
Theropoda 

Tyrannosauroidea 
Tarbosaurus bataar 
Ornithomimosauria 
Anserimimus planinychus 
Oviraptorosauria 
Ingenia yanshini 
Troodontidae 
Saurornithoides junior 
Dromaeosauridae 
Adasaurus mongoliensis 
Avialae 
Hesperornithiformes 
Judiornis nogontsavensis 
Ornithopoda 
Hadrosauridae 
Saurolophus angustirostris 
Age: early Maastrichtian (Fox 1978; 
Lillegraven and McKenna 
1986) 
3. Beds of Nogoon Tsav (Kurzanov 1976b) 
Theropoda 
Tyrannosauroidea incertae sedis 
Alioramus remotus 
Age: ?Maastrichtian (Kurzanov 1976b) 


47.4. OMNOGOV’, MONGOLIA 


1. Bayanshiree Svita (Perle 1977, 1979; 
Kurzanov 1976b; Kurzanov and 
Tumanova 1978; Barsbold and Perle 
1980, 1983; Nessov and Kaznachkin 
1986; Tumanova 1987; Watabe et al. 
1997) 

Theropoda 
Tyrannosauroidea incertae sedis 
Alectrosaurus olseni 
Therizinosauroidea 
Segnosaurus galbinensis 
Erlikosaurus andrewsi 
Ornithomimosauria 
Garudimimus brevipes 
Ankylosauria 
Ankylosauridae 
Talarurus plicatospineus 
Ankylosauria incertae sedis 
Amtosaurus magnus 
Ornithopoda 
Hadrosauridae 


Bactrosaurus mongoliensis (including 


Arstanosaurus sp.) 
Hadrosauridae indet. 
Dinosaur eggs 
Age: Cenomanian-Santonian (Hicks et 
al. 1999) 

2. Djadokhta Formation (Gilmore 1933b; 
Maryanska and Osmolska 1975; 
Gradzinski et al. 1977; Barsbold and 
Perle 1983; Elzanowski and Wellnhofer 
1992, 1993; Kurzanov 1992; Mikhailov 


et al. 1994, 1996; Norell et al. 1994, 1995, 


2000, 2001a; Dashzeveg et al. 1995; 
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Norell and Makovicky 1997; Makovicky 
and Norell 1998a, 1998b; Ishigaki 1999; 
Suzuki et al. 1999; Clark et al. 2001; 
Norell and Clarke 2001; Suzuki et al. 
2001; Tereschenkov and Alifanov 2003; 
Watabe, pers. comm.) 
Theropoda 
Coelurosauria incertae sedis 
Archaeornithoides deinosauriscus 
Tyrannosauroidea 
? Tarbosaurus sp. 
Ornithomimosauria 
Undescribed ornithomimid 
Oviraptorosauria 
Oviraptor philoceratops 
Citipati osmolskae 
Unnamed oviraptorine 
Khaan mckennai 
Oviraptor sp. 
cf. Ingenia sp. 
Troodontidae 
Saurornithoides mongoliensis 
Byronosaurus jaffei 
Dromaeosauridae 
Velociraptor mongoliensis 
cf. Velociraptor sp. 
Undescribed dromaeosaurid 
Dromaeosauridae indet. 
Avialae 
Alvarezsauridae 
Mononykus olecranus 
Shuvuuia deserti 
Unnamed enantiornithine 
Ornithurae 
Apsaravis ukhaana 
Theropoda indet. 
Sauropoda indet. 
Ankylosauria 
Ankylosauridae 
Pinacosaurus grangeri 
Ankylosauridae indet. 
Ankylosaur tracks 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Protoceratops andrewsi 
Bagaceratops sp. 
Udanoceratops tschizhovi 
Bainoceratops efremovi 
Dinosaur eggs 
Dinosaur tracks 
Age: ?middle Campanian (Jerzykiewicz 
and Russell 1991) 


. Beds of Alag Teeg (Gradzinski et al. 1977) 


Theropoda indet. 
Sauropoda indet. 
Ankylosauria 
Ankylosauridae 
Pinacosaurus grangeri 
Ceratopsia 
Neoceratopsia 
?Protoceratops andrewsi 
Age: ?late Santonian or early Campanian 
(Gradzinski et al. 1977) 


. Djadokhta Svita (Kurzanov 1987; 


Fastovsky et al. 1998) 
Theropoda 
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Oviraptorosauria 
Avimimus portentosus 
Ornithomimosauria 
Gallimimus sp. 
Theropod tracks 
Sauropoda 
Diplodocoidea 
Quaesitosaurus orientalis 
Sauropod tracks 
Age: ?middle Campanian (Jerzykiewicz 
and Russell 1991) 

. Baruungoyot Formation (Maryanska 
and OsmOolska 1975; Gradzinski et al. 
1977; Osmolska 1982; Kurochkin 
1988, 2000; Kurzanov 1990a, 1990b; 
Mikhailov et al. 1994; Karhu and 
Rautian 1996; Alifanov 2003) 
Theropoda 

Dromaeosauridae 
Hulsanpes perlei 
Velociraptor sp. 
Avialae 
Alvarezsauridae 
Parvicursor remotus 
Enantiornithes 
Gobipteryx minuta 
Hesperornithiformes indet. 
Theropoda indet. 
Sauropoda indet. 
Ankylosauria 
Ankylosauridae 
Saichania chulsanensis 
Tarchia gigantea (= T. kielanae) 
Pachycephalosauria 
Pachycephalosauridae 
Tylocephale gilmorei 
Ceratopsia 
Neoceratopsia 
Bagaceratops rozhdestvenskyi 
(= Breviceratops kozlowskii) 
Lamaceratops tereschenkoi 
Platyceratops tatarinovi 
Dinosaur eggs 
Age: ?middle Campanian (Gradzinski 
et al. 1977); Maastrichtian 
(Fox 1978; Lillegraven and 
McKenna 1986) 

. Red Beds of Hermiin Tsav (Gradzinski 
et al. 1977; Kurochkin 1996; Mikhailov 
1996) 

Theropoda 
Oviraptorosauria 
Ingenia yanshini 
Conchoraptor gracilis 
Dromaeosauridae 
Velociraptor sp. 
Avialae 
Enantiornithes 
Gobipteryx minuta (= Nanantius 
valifanovi) 
Theropoda indet. 
Sauropoda indet. 
Ankylosauria 
Ankylosauridae 
Saichania chulsanensis 
Ceratopsia 
Neoceratopsia 
Bagaceratops rozhdestvenskyi 


nn 
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Dinosaur eggs 
Age: ?middle Campanian (Gradzinski 
et al. 1977) 
7. White Beds of Hermiin Tsav (Gradzinski 
et al. 1977) 
Theropoda 
Tyrannosauroidea 
Tarbosaurus bataar 
Therizinosauroidea 
Therizinosaurus cheloniformis 
Theropoda indet. 
Ankylosauria 
Ankylosauridae 
Tarchia gigantea 
Ornithopoda 
Hadrosauridae 
Saurolophus angustirostris 
Age: early Maastrichtian (Fox 1978; 
Lillegraven and McKenna 
1986) 

8. Nemegt Formation (Gradzinski et al. 
1977; Kurzanov and Osmdolska 1991; 
Perle et al. 1994; Osmolska 1996; 
Barsbold et al. 2000a, 2000b; Ishii et al. 
2000; Kurochkin 2000; Kurochkin et al. 
2002; Lii et al. 2002; Currie et al. 2003) 
Theropoda 

Tyrannosauroidea 
Bagaraatan ostromi 
Tarbosaurus bataar (including 
Maleevosaurus novojilovi) 
Tyrannosauridae indet. 
Therizinosauroidea 
Therizinosaurus cheloniformis 
Ornithomimosauria 
Gallimimus bullatus 
Deinocheirus mirificus 
Oviraptorosauria 
Oviraptoridae 
Rinchenia mongoliensis 
Nomingia gobiensis 
?Elmisaurus rarus 
Ingenia sp. 
Oviraptoridae indet. 
Troodontidae 
Saurornithoides junior 
Borogovia gracilicrus 
Tochisaurus nemegtensis 
Avialae 
Alvarezsauridae 
Mononykus olecranus 
Enantiornithes 
Gurilynia nessovi 
Hesperornithiformes 
cf. Parahesperornis sp. 
Hesperornithiformes indet. 
Presbyornithidae 
Teviornis gobiensis 
Theropoda indet. 
Theropod tracks 
Sauropoda 
Diplodocoidea 
Nemegtosaurus mongoliensis 
Saltasauridae 
Opisthocoelicaudia skarzynskii 
Sauropod tracks 
Ankylosauria 
Ankylosauridae 


Tarchia gigantea 
Ornithopoda 
Hadrosauridae 
Saurolophus angustirostris 
Barsboldia sicinskii 
Hadrosauridae indet. 
Hadrosaurid tracks 
Pachycephalosauria 
Homalocephaloidea 
Homalocephale calathocercos 
Pachycephalosauridae 
Prenocephale prenes 
Age: early Maastrichtian (Fox 1978; 
Lillegraven and McKenna 
1986) 
9. Shireegiin Gashuun Formation 
(= Bayanshiree Svita; Maryariska and 
Osmolska 1975; Mikhailov et al. 1994; 
Sereno 2000) 
Theropoda 
Ornithomimidae indet. 
Theropoda indet. 
Ankylosauria indet. (= Maleevus 
disparoserratus) 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Graciliceratops mongoliensis 
(= Microceratops gobiensis) 
Dinosaur eggs 
Age: Cenomanian-Santonian (Hicks 
et al. 1999) 


47.5. OVORKHANGAI, MONGOLIA 


1. Unnamed unit (Perle et al. 1982) 
Pachycephalosauria 
Goyocephala 
Goyocephale lattimorei 
Age: ?late Santonian or early Campanian 
(Osmolska, pers. comm.) 
2. “Djadokhta” Svita (Kurzanov 1987) 
Theropoda 
Oviraptorosauria 
Avimimus portentosus 
Age: ?middle Campanian (Jerzykiewicz 
and Russell 1991) 
3. Djadokhta Formation (Mikhailov et al. 
1994) 
Dinosaur eggs 
Age: ?middle Campanian (Jerzykiewicz 
and Russell 1991) 


47.6. DUNDGOV’, MONGOLIA 


1. Dohoin Usu Formation (Gilmore 1933b) 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: ?Campanian (equivalent to Iren 
Dabasu Formation; Morris 
1936) 


47.7. DORNOGOV’, MONGOLIA 


1. Bayanshiree Svita (Maleev 1952a, 1952b; 
Barsbold 1972; Nessov and Kaznachkin 
1986; Tumanova 1993; Mikhailov et al. 
1994; Perle et al. 1999) 

Theropoda 


w 


Therizinosauroidea 
Enigmosaurus mongoliensis 
Segnosaurus galbinensis 

Dromaeosauridae 
Achillobator giganticus 

Theropoda indet. 

Ankylosauria 

Ankylosauridae 
Talarurus plicatospineus 
Tsagantegia longicranialis 

Ornithopoda 
Hadrosauridae indet. 
Dinosaur eggs 
Age: Cenomanian-Santonian (Hicks 
et al. 1999) 


. Djadokhta Formation (Mikhailov et al. 


1994) 

Dinosaur eggs 

Age: ?middle Campanian (Jerzykiewicz 
and Russell 1991) 


. Baruungoyot Formation (Mikhailov 


et al. 1994) 

Dinosaur eggs 

Age: ?middle Campanian (Gradzinski et 
al. 1977); Maastrichtian (Fox 
1978; Lillegraven and 
McKenna 1986) 


48.1. XIZANG ZIZHIQU, PEOPLE’S REPUBLIC 


1. 


OF CHINA 


Zonggo Formation (Zhao unpubl. data) 
Theropoda 
Ornithomimosauria 
Ornithomimus sp. 
Sauropoda 
?Lithostrotia 
Megacervixosaurus tibetensis 
Ornithopoda 
Hadrosauridae indet. 
Age: Late Cretaceous (Zhao, unpubl. 
data) 
Margyang Formation (Zhao, unpubl. 
data) 
Pachycephalosauria 
cf. Homalocephale calathocercos 
Age: Late Cretaceous (Zhao, unpubl. 
data) 


. Quwu Formation (Zhen et al. 1989) 


Dinosauria tracks 
Age: Late Cretaceous (Mateer, pers. 
comm.) 


48.5. XINJIANG UYGUR ZIZHIQU, 


I. 


PEOPLE’S REPUBLIC OF CHINA 


Subashi Formation (Dong 1977; Chen 
et al. 1982) 
Theropoda 
Tyrannosauroidea 
? Tarbosaurus bataar 
(?= Shanshanosaurus 
huoyanshanensis) 
Tyrannosauroidea indet. 
(= Tyrannosaurus turpanensis) 


Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Sauropoda indet. (= Nemegtosaurus 
pachi) 
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Ankylosauria indet. 

Dinosaur eggs 

Age: Maastrichtian (Shen and Mateer 
1992) 

2. Wulungo Formation (Wu 1973) 
Ornithopoda 
Hadrosauridae indet. (= Jaxartosaurus 

fuyunensis) 

Age: Late Cretaceous (Wu 1973) 


48.6. SHAANXI, PEOPLE’S REPUBLIC 
OF CHINA 


1. Shanyang Formation (Xue et al. 1996) 
Theropoda 
Tyrannosauridae indet. 
Avetheropoda incertae sedis 
Shanyangosaurus niupanggouensis 
Sauropoda indet. (= Qinlingosaurus 
Tuonanensis) 
Ornithopoda 
Hadrosauridae 
Shantungosaurus cf. giganteus 
Ornithopoda indet. 
Dinosaur eggs 
Age: Late Cretaceous (Xue et al. 1996) 


48.7. JILIN, PEOPLE’S REPUBLIC OF CHINA 


1. Quantou Formation (Anonymous 1989) 


(not plotted) 
Ornithopoda 
Hadrosauridae indet. 
Late Cretaceous (Anonymous 1989) 


48.8. GANSU, PEOPLE’S REPUBLIC 
OF CHINA 


. Minhe Formation (Bohlin 1953; 
Maryaniska 1977; Mateer, pers. comm.) 
Theropoda indet. 

?Ankylosauria indet. (= Peishansaurus 
philemys) 
Ceratopsia 
Neoceratopsia 
Protoceratops andrewsi 
Neoceratopsia indet. 
(= Microceratops gobiensis, 
M. sulcidens) 
?Pachycephalosauria indet. 
(= Heishansaurus 
pachycephalus) 


= 


Age: Campanian-Maastrichtian (Mateer, 


pers. comm.) 
2. Unnamed unit (Xie 1980) 
Theropoda indet. 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Ornithopoda 
Hadrosauridae indet. 
Age: early Maastrichtian (i.e., 
contemporary with the 
Subashi Formation; Dong 
1977; Chen et al. 1982) 


48.9. SHANDONG, PEOPLE’S REPUBLIC 
OF CHINA 


1. Wangshi Group (Wiman 1929; Chow 


1951; Young 1958a; Dong 1978; Buffetaut 


1995a; Buffetaut and Tong 1995) 
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Theropoda 
Tyrannosauroidea 
? Tarbosaurus bataar 
(?= Chingkankousaurus fragilis) 
Theropoda indet. 
(= cf. Szechuanosaurus campi) 
Ankylosauria 
Ankylosauridae 
Pinacosaurus cf. grangeri 
Ornithopoda 
Hadrosauridae 
Tanius sinensis (including 
T. chingkankouensis) 
Shantungosaurus giganteus 
Tsintaosaurus spinorhinus (including 
Tanius laiyangensis) 
Hadrosauridae indet. 
Lambeosaurinae indet. 
Pachycephalosauria incertae sedis 
Micropachycephalosaurus 
hongtuyanensis 
Dinosaur eggs 
Age: Campanian (Buffetaut and Tong 
1995) 


48.10. HEBEI, PEOPLE’S REPUBLIC 


a 


OF CHINA 


. Huiquanpu Formation (Pang and Cheng 


2001) 
Theropoda indet. (= cf. Szechuanosaurus 
campi) 
Sauropoda 
Titanosauria 
Huabeisaurus allocotus 
Ankylosauria 
Ankylosauridae 
Tianzhenosaurus youngi 
Ornithopoda 
Hadrosauridae 
cf. Shantungosaurus sp. 
Age: Late Cretaceous (Pang and Cheng 
2001) 


48.11. NEI MONGOL ZIZHIQU, 


bP 


PEOPLE’S REPUBLIC OF CHINA 


. Iren Dabasu Formation (= Iren Nor 


Formation, Reline Dabasu Formation; 
Van Straelen 1925, 1928; Gilmore 1933a; 
Rozhdestvensky 1966; Weishampel and 
Horner 1986; Dong et al. 1989; Mader 
and Bradley 1989; Currie and Eberth 
1993; Godefroit et al. 1998b; Currie and 
Dong 2001a; Ryan et al. 2001a; Zhang 
X. H. et al. 2001; Xu et al. 2002d) 
Theropoda 
Tyrannosauroidea incertae sedis 
Alectrosaurus olseni 
Therizinosauroidea 
Neimongosaurus yangi 
Erliansaurus bellamanus 
Therizinosauroidea indet. 
Ornithomimosauria 
Archaeornithomimus asiaticus 
?Garudimimus sp. 
Oviraptorosauria 
Avimimus portentosus 
Troodontidae 
Saurornithoides sp. 
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Troodontidae indet. 
Dromaeosauridae 
Velociraptor sp. 
Dromaeosauridae indet. 
Avialae 
Alvarezsauridae 
Mononykus olecranus 
Sauropoda indet. (=?Camarasauridae 
indet.) 
Ankylosauria 
Undescribed ankylosaurid 
Ornithopoda 
Euornithopoda 
Hadrosauridae 
Bactrosaurus johnsoni 
Gilmoreosaurus mongoliensis 
?Euornithopoda indet. 
Dinosaur eggs 
Age: ?Campanian (Currie and Eberth 
1993) 


. Djadokhta Formation (Dong et al. 1989; 


Currie and Peng 1993; Jerzykiewicz 
et al. 1993; Zhao and Li 1993; Dong 
and Currie 1996; Godefroit et al. 1999; 
Currie and Dong 2001a; Lambert et al. 
2001; You and Dong 2003) 
Theropoda 
Tyrannosauroidea 
Tarbosaurus sp. 
Oviraptorosauria 
Oviraptor philoceratops 
Troodontidae 
Saurornithoides mongoliensis 
Dromaeosauridae 
Velociraptor mongoliensis 
Sauropoda indet. 
Ankylosauria 
Ankylosauridae 
Pinacosaurus grangeri 
Pinacosaurus mephistocephalus 
Ornithopoda 
Hadrosauridae indet. 
Ceratopsia 
Neoceratopsia 
Protoceratops andrewsi 
Protoceratops hellenikorhinus 
Magnirostris dodsoni 
cf. Bagaceratops sp. 
Udanoceratops sp. 
Dinosaur eggs 
Age: ?middle Campanian (Jerzykiewicz 
and Russell 1991) 


. Minhe Formation (Bohlin 1953; 


Maryanska 1977; Mateer, pers. comm.) 
Theropoda 
Dromaeosauridae 
cf. Velociraptor mongoliensis 
Theropoda indet. 
Sauropoda indet. 
Ankylosauria 
Nodosauridae indet. 
Ceratopsia 
Neoceratopsia 
Protoceratops andrewsi 
Neoceratopsia indet. 
(= Microceratops gobiensis) 
Pachycephalosauria 
Pachycephalosauridae 


“Troodon” bexelli 
Age: Campanian-Maastrichtian (Mateer, 
pers. comm.) 


48.12. HENAN, PEOPLE’S REPUBLIC 
OF CHINA 


1. Quiba Formation (Dong 1979) 
Theropoda 
Tyrannosauroidea 
?Tarbosaurus bataar 
(2= Tyrannosaurus 
luanchuanensis) 
Age: Late Cretaceous (Dong 1979) 

2. Nanchao Formation (Zhao 1979; Tong 
and Wang 1980; Cohen et al. 1995; 
Manning et al. 1997) 

Theropoda 
Therizinosauroidea indet. 
?Euornithopod tracks 
Dinosaur eggs 
Age: Late Cretaceous (Zhen et al. 1985) 

3. Zoumagang Formation (Li et al. 1995; 

Fang et al. 1998) 

Sauropoda indet. 

Dinosaur eggs 

Age: Late Cretaceous (Fang et al. 1998) 

4. Sangping Formation (Fang et al. 1998; 

Xu, unpubl. data) 
Theropoda indet. 
Sauropoda indet. 
?Ankylosauria indet. 
Ornithopoda 
Iguanodontia indet. 
Dinosaur eggs 
Age: Late Cretaceous (Fang et al. 1998) 

5. Zhaoyin Formation (Fang et al. 1998) 
Dinosaur eggs 
Age: Late Cretaceous (Fang et al. 1998) 

6. Unnamed unit (Fang et al. 1998) 
Dinosaur eggs 
Age: Late Cretaceous (Fang et al. 1998) 

7. Gaogou Formation (Whyte et al. 2000) 
Dinosaur eggs 
Age: Late Cretaceous (Whyte et al. 2000) 

8. Mayiacun Formation (Whyte et al. 2000; 
Zhang et al. 2000) 

Sauropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Dinosaur eggs 
Age: Late Cretaceous (Whyte et al. 2000) 

9. Sigou Formation (Whyte et al. 2000) 
Dinosaur eggs 
Age: Late Cretaceous (Whyte et al. 

2000) 


48.13. ZHEJIANG, PEOPLE’S REPUBLIC 
OF CHINA 


1. Tangshang Formation (Dong 1979; 
Mateer 1989) 
Theropoda 
Therizinosauroidea indet. 

(= “Chilantaisaurus” 
zheziangensis) 

Dinosaur eggs 

Age: Cenomanian-Turonian (Chen and 
Chang 1994); Santonian- 
Campanian (Dong 1979) 


2. Quxian Formation (Mateer 1989) 
Dinosaur eggs 
Age: Campanian (Chen and Chang 
1994) 
3. Wangi Formation (Zhen et al. 1989) 
Dinosauria tracks 
Age: Late Cretaceous (Mateer, pers. 
comm.) 


48.14. NINGXIA HUIZU ZIZHIQU, 
PEOPLE’S REPUBLIC OF CHINA 


1. Unnamed unit (Young 1935b; 
Maryanska 1977) 
Ankylosauria 
Ankylosauridae 
Pinacosaurus grangeri (= Pinacosaurus 
ninghsiensis) 
Age: ?middle Campanian (i.e., 
?contemporary with 
Djadokhta Formation; 
Maryanska 1977) 
2. Unnamed unit (Zhao and Ding 1976) 
Dinosauria eggs 
Age: ?early Late Cretaceous (Zhao and 
Ding 1976) 


48.15. SHANXI, PEOPLE’S REPUBLIC 
OF CHINA 


1. Zhumabao Formation (Mateer, 
pers. comm.) 
Ceratopsia 
Neoceratopsia 
Microceratops sp. 
Age: early Late Cretaceous (Mateer, 
pers. comm.) 

2. Huiquanpu Formation (Cheng and 
Pang 1996; Pang et al. 1996; Barrett 
et al. 1998; Pang and Cheng 1998, 
2000, 2001) 

Theropoda indet. (including 
cf. Szechuanosaurus campi) 
Sauropoda 
Titanosauria 
Huabeisaurus allocotus 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Ankylosauria 
Ankylosauridae 
Tianzhenosaurus youngi 
Ankylosauridae indet. 
Ankylosauria indet. (= Shanxia 
tianzhenensis) 
Ornithopoda 
Hadrosauridae 
cf. Shantungosaurus sp. 
Hadrosauridae indet. 
Age: Late Cretaceous (Cheng and Pang 
1996) 


48.18. HEILONGJIANG, PEOPLE’S REPUBLIC 
OF CHINA 
1. Tsagaan Svita (Riabinin 1930a) 
Ornithopoda 
Hadrosauridae 
Tanius sinensis 
Hadrosaurinae indet. (= Trachodon 
amurensis) 
Hadrosauridae indet. 


Age: ?Coniacian-?Maastrichtian 
(=?Senonian; 
Rozhdestvensky 1973b) 

2. Yongantun Formation (Yang 1987) 
Dinosauria indet. 

Age: Cenomanian (Yang 1987) 

. Yuliangze Formation (Yang et al. 1986; 
Yang 1987; Godefroit et al. 2000, 2001) 
Theropoda 

Tyrannosauridae indet. 
(= Tyrannosaurus sp.) 
Ornithomimosauria indet. 
(= Ornithomimus sp.) 
Ornithopoda 
Hadrosauridae 
Charonosaurus jiayinensis 
Hadrosauridae indet. 
(= Mandschurosaurus 
amurensis) 
Age: Turonian (Yang 1987) 

4. Unnamed unit (Riabinin 1930a) 

Theropoda 

Tyrannosauroidea 
? Tarbosaurus bataar (= Albertosaurus 
periculosus) 

Ornithopoda 

Hadrosauridae indet. (= Saurolophus 
kryschtofovici) 

Age: Late Cretaceous (Riabinin 1930a) 


w 


48.19. ANHUI, PEOPLE’S REPUBLIC 
OF CHINA 


1. Xiaoyan Formation (Hou 1977) 
Pachycephalosauria 
Wannanosaurus yansiensis 
Age: Campanian (Chen and Chang 
1994) 


48.20. HUBEI, PEOPLE’S REPUBLIC 
OF CHINA 


BR 


. Unnamed unit (Zhao, unpubl. data) 
Ornithopoda indet. 
Dinosaur eggs 
Age: ?Late Cretaceous (Zhao, unpubl. 
data) 


48.21. HUNAN, PEOPLE’S REPUBLIC 
OF CHINA 


1. Red Beds (Zeng and Zhang 1979) 
Dinosaur eggs 
Age: Late Cretaceous (Zeng and Zhang 
1979) 
2. Jinjiang Formation (Zheng 1982) 
Dinosaur tracks 
Age: Late Cretaceous (Zheng 1982) 


48.22. GUANGDONG, PEOPLE’S REPUBLIC 
OF CHINA 


1. Yuanpu Formation (= Nanxiong 
Formation; Zhao 1975; Dong 1979; 
Zhen et al. 1989) 

Theropoda 
Tyrannosauroidea 
Tarbosaurus bataar 
Tyrannosauridae indet. 
Therizinosauroidea 
Nanshiungosaurus brevispinus 
Theropoda indet. 
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Ornithopoda 
Hadrosauridae 
Hadrosaurinae indet. 
(= Microhadrosaurus 
nanshiungensis) 
Dinosaur eggs 
Undescribed dinosaur tracks 
Age: Campanian (Chen and Chang 
1994) 
2. Unnamed unit (Qiu and Huang 2001) 
Theropoda 
Unnamed oviraptorosaurian 
Dinosaur eggs 
Age: Late Cretaceous (Qiu and Huang 
2001) 
3. Dalangshan Formation (Lt 2002) 
(not plotted) 
Theropoda 
Oviraptorosauria 
Heyuannia huangi 
Age: Maastrichtian (Lit 2002) 


48.23. JIANGSU, PEOPLE’S REPUBLIC 
OF CHINA 


1. Wangshi Group (Zhen et al. 1989) 
Undescribed dinosaur tracks 
Age: Campanian (Buffetaut and Tong 
1995) 


50.3. CHOLLA NAMDO, SOUTH KOREA 


1. Uhangri Formation (Yang et al. 1995; 
Lee et al. 2001; Lee and Huh 2002) 
Theropod tracks (including avialan 

tracks) 
Euornithopod tracks 
Sauropod tracks 
Age: Campanian (Lee and Huh 2002) 


South America 


The South American record of Late Cretaceous dinosaurs (61 lo- 
cations, an increase of nearly 50%; figs. 24.8 and 24.9) consists 
of a number of early discoveries by F. Ameghino, R. Lydekker, 
and F. Huene in Argentina. Recent work throughout the conti- 
nent, however, has eclipsed these efforts. In Brazil, R. J. Bertini, 
D. A. Campos, A. W. A. Kellner, and L. I. Price have unearthed 
a wealth of dinosaur material, much of which is still to be pub- 


2. Seonso Conglomerate (Huh and 
Zelenitsky 2002) 
Dinosaur eggs 
Age: ?Late Cretaceous (Huh and 
Zelenisky 2002) 


53-3. FUKUSHIMA PREFECTURE, JAPAN 


1. Futaba Group (Hasegawa et al. 1987; 
Azuma and Tomida 1997) 
Theropoda indet. 
Ornithischia indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: Coniacian-Santonian (Azuma and 
Tomida 1997) 

2. Ashizawa Formation (Hasegawa et al. 
1987; Tanimoto and Suzuki 1998) 
Theropoda indet. 

Ornithopoda 
Hadrosauridae indet. 
Age: Coniacian (Tanimoto and Suzuki 
1998) 

3. Tamayama Formation (Tanimoto and 

Suzuki 1997, 1998) 


Sauropoda indet. (=cf. Nemegtosaurus sp.) 


Age: Santonian (Tanimoto and Suzuki 
1997, 1998) 


53-4. KUMAMOTO PREFECTURE, JAPAN 
1. Mifune Group (Tamura et al. 1991; 
Hasegawa et al. 1992; Ikegami and 
Tamura 1997; Chure et al. 1999) 
Theropoda 
?Carcharodontosauridae indet. 
Theropoda indet. 
Ornithopoda 
Iguanodontia indet. 


lished. Bolivian, Peruvian, Uruguayan, and Chilean dinosaurs 


54.3. DEPARTAMENTO DE TOLIMA, 
COLOMBIA 


1. “Ortega” formation (Langston 1965) 
Theropoda indet. 
Age: Maastrichtian (Langston 1965) 


56.1. DEPARTAMENTO DE PUNO, PERU 


1. Upper Vilquechico Formation (Sigé 
1968; Kérourio and Sigé 1984; Jaillard 
et al. 1993) 

Theropod tracks 

Euornithopod tracks 

Dinosaur eggs 

Age: late Campanian-late 
Maastrichtian (Sempere 
et al. 1997) 


56.2. DEPARTAMENTO DE AMAZONAS, PERU 


1. Bagua Formation (Mourier et al. 1986, 

1988) 

Theropoda indet. 

Sauropoda 

Lithostrotia indet. (= Titanosauridae 

indet.) 

Dinosaur eggs 

Age: late Campanian-Maastrichtian 
(Mourier et al. 1988) 


56.3. DEPARTAMENTO DE CUZCO, PERU 
1. Soncco Formation (Noblet et al. 1995) 
Theropod tracks 


Euornithopod tracks 
Age: Maastrichtian (Mourier et al. 1994) 
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?Ceratopsia indet. 

Age: Cenomanian (Matsukawa and 
Obata 1994; Azuma and 
Tomida 1997; Chure et al. 
1998) 


53-6. TOKUSHIMA PREFECTURE, JAPAN 


1. 


Akazaki Formation (Hasegawa et al. 
1987) 
Theropoda indet. 
Ornithopoda 
Hadrosauridae indet. 
Age: Coniacian (Matsukawa and Obata 
1994) 


2. Tamayama Formation (Hasegawa 1988) 


Sauropoda indet. (= Diplodocidae 
indet.) 

Age: late Santonian (Matsukawa and 
Obata 1994) 


53-14. HOKKAIDO PREFECTURE, JAPAN 


1. 


Yezo Group (Azuma and Tomida 1997; 
Hayakawa, pers. comm; ?= Ezo Group) 
Ankylosauria 

Undescribed nodosaurid 
Ornithopoda 

Hadrosauridae indet. 
Age: Coniacian (Azuma and Tomida 

1997) 


53-15. KYUSHU PREFECTURE, JAPAN 


1. 


Mitsuse Formation (Matsuo 1967; Obata 
et al. 1972) 
Ornithopoda 
Hadrosauridae indet. 
Age: early Santonian or late Coniacian 
(Matsuo 1967) 


are now known through the work of F. de Broin, G. Faccio, J. Iri- 
arte, C. A. Meyer, B. Sigé, and others. Finally, the pace of discov- 
eries of Late Cretaceous dinosaurs from Argentina has dramati- 
cally increased, thanks to the work of a host of investigators, 
including J. F. Bonaparte, J. Powell, G. del Corro, R. A. Coria, J. O. 
Calvo, L. M. Chiappe, F. E. Novas, R. D. Martinez, and L. Salgado, 
R. M. Casamiquela, and O. Alcober. 


57.2. ESTADO DO SAO PAULO, BRAZIL 


1 


. Adamantina Formation (Arid and 


Vizotto 1971; Powell 1986; Bertini et al. 
1993; Kellner 2000; Santucci and Bertini 
2001) 
Dinosauria indet. 
Theropoda 
Abelisauridae indet. 
Theropoda indet. (including 
?Megalosaurus sp.) 
Sauropoda 
Lithostrotia indet. (including 
Antarctosaurus brasiliensis, 
Titanosaurus cf. australis, 
Titanosauridae indet.) 
Undescribed titanosaurian 


Age: Cenomanian-Campanian (Soares 
et al. 1980) 

2. Marilia Formation (Bertini et al. 1993) 
Theropoda indet. (=?Ceratosaurus sp.) 
Sauropoda 

Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Campanian-Maastrichtian (Soares 
et al. 1980) 
3. Bauru Group (Chiappe 1991b; Kellner 
and Azevedo 1999) 
Theropoda 
Avialae indet. 
Sauropoda 
Lithostrotia 
Antarctosaurus brasiliensis 
Gondwanatitan faustoi 
Unnamed lithostrotian 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Age: Late Cretaceous (Kellner and 
Azevedo 1999) 


57-3. ESTADO DO PARANA, BRAZIL 


1. Bauru Group (Bonaparte 1978a) 
Theropoda indet. 
Sauropoda 
Lithostrotia indet. 
(=cf. Titanosaurus sp.) 
Age: Campanian-Maastrichtian (Petri 
and Campanha 1981) 


57-4. ESTADO DO MINAS GERAIS, BRAZIL 


1. Marilia Formation (Price 1951; 
Bonaparte 1978a; Campos and Bertini 
1985; Powell 1986; Bertini et al. 1993; 
Kellner and Campos 1998; Campos 
and Kellner 1999; Kellner et al. 1999; 
= Uberaba Formation, Kellner 2000) 
Theropoda 

Abelisauridae indet. 
Theropoda indet. 
Sauropoda 
Lithostrotia 
Antarctosaurus brasiliensis 
Undescribed titanosaurian 
Dinosaur eggs 
Age: Campanian-Maastrichtian (Soares 
et al. 1980) 
2. Uberaba Formation (Santucci and 
Bertini 2001) 
Sauropoda 
Undescribed titanosaurian 
Titanosauridae indet. 
Age: Campanian-Maastrichtian 
(Santucci and Bertini 
2001) 


57.5. ESTADO DO GOIAS, BRAZIL 


1. Bauru Group (Bonaparte 1978a) 
Theropoda indet. 
Sauropoda 
Lithostrotia 
Antarctosaurus brasiliensis 
Lithostrotia indet. 
(=cf. Titanosaurus sp.) 
Age: Campanian-Maastrichtian 
(Petri and Campanha 
1981) 


57.9. ESTADO DO MATTO GROSSO, BRAZIL 


1. Bauru Group (Price 1960; Kellner et al. 
1995) 
Theropoda indet. 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Campanian-Maastrichtian (Petri 
and Campanha 1981) 


57.10. ESTADO DO MARANHAO, BRAZIL 


1. Itapecuru Formation (Price 1947; 
Carvalho and Pedrao 1998; Carvalho 
et al. 2003) 
Theropoda indet. 
Theropod tracks 
Sauropoda 
Diplodocoidea 
Amazonsaurus maranhensis 
Sauropoda indet. 
Age: Cenomanian-Santonian (Petri and 
Mendes 1981); Aptian-Albian 
(Rossetti et al. 2001) 
2. Unnamed unit (Kellner 2000) 
Dinosauria indet. 
Theropoda 
Spinosauridae indet. 
Theropoda indet. 
Sauropoda indet. 
Age: Late Cretaceous (Kellner 2000) 


57.11. ESTADO DO AMAZONAS, BRAZIL 


1. Sucunduri Formation (Price 1960) 
Theropoda indet. 
Age: Late Cretaceous (Price 1960) 


58.1. DEPARTEMENT DE SORIANO, 
URUGUAY 
1. Mercedes Formation (Faccio 1994) 
Dinosaur eggs 
Age: Coniacian-Maastrichtian 
(= Senonian; Bossi and 
Navarro 1990) 


58.2. DEPARTAMENTO PAYSANDU, 
URUGUAY 


R 


. Guichon Formation (Huene 1934b, 
Bonaparte 1978a) 
Theropoda 
?Ornithomimidae indet. 
?2Ornithopoda 
?Iguanodontia indet. 
Age: Coniacian-Maastrichtian 
(= Senonian; Bonaparte 
1978a) 
2. Mercedes Formation (Faccio 1994) 
Dinosaur eggs 
Age: Coniacian-Maastrichtian 
(= Senonian; Bossi and 
Navarro 1990) 


58.3. DEPARTAMENTO PALMITAS, 


URUGUAY 


1. Asencio Formation (Huene 1929a; Bossi 
1966) 
Sauropoda 
Titanosauria 
Lithostrotia 
Antarctosaurus wichmannianus 


Laplatasaurus araukanicus 
Saltasauridae 
Neuquenosaurus australis 
Titanosauria indet. 
(= Argyrosaurus superbus) 
Age: Late Cretaceous (Bossi 1966) 


58.4. DEPARTAMENTO COLONIA, 
URUGUAY 


1. Asencio Formation (Mones 1980) 
Dinosaur eggs 
Age: Late Cretaceous (Mones 1980) 


58.5. DEPARTAMENTO TACUAREMBO, 
URUGUAY 
1. Asencio Formation (Mones 1980) 
Dinosaur eggs 
Age: Late Cretaceous (Mones 1980) 


59.1. DEPARTAMENTO DE POTOSI, BOLIVIA 


1. El Molino Formation (= Toro Toro 
Formation; Branisa 1968; Muizon et al. 
1983; Marshall et al. 1985; Leonardi 
1989, 1994; Gayet et al. 2001; McCrea 
et al. 2001a) 

Theropoda 
Coelurosauria indet. 
Theropod tracks 
Sauropoda indet. 
Sauropod tracks 
?Ankylosaur tracks 
?Euornithopod tracks 
Age: middle Maastrichtian (Muizon 
et al. 1983; Leonardi 1989; 
Gayet et al. 1993, 2001) 


59.2. DEPARTAMIENTO DE COCHABAMBA, 
BOLIVIA 


BR 


. Santa Lucia Formation (Leonardi 1989) 
Theropod tracks 
Euornithopod tracks 
Age: Maastrichtian (Leonardi 1989) 


59.3. DEPARTAMIENTO DE CHUQUISACA, 
BOLIVIA 


R 


. Chaunaca Formation (Mazzetta and 
Markley 2000) 
Theropod tracks 
Sauropod tracks 
Age: Campanian (Mazzetta and Markley 
2000) 
2. El Molino Formation (Meyer et al. 2001) 
Theropod tracks 
Sauropod tracks 
Ankylosaur tracks 
Euornithopod tracks 
Age: Maastrichtian (Muizon et al. 1983; 
Leonardi 1989; Gayet et al. 
1993) 


62.4. PROVINCIA DE CONCEPCION, CHILE 


1. Unnamed unit (Lambrecht 1929; 
S. L. Olson 1992) 
Theropoda 
Avialae 
Neornithes 
Gaviiformes 
Neogaeornis wetzeli 

Age: Maastrichtian (Chiappe 1996a) 
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62.5. PROVINCIA DE COQUIMBO, CHILE 


1. Vinita Formation (Casamiquela et al. 
1969; Vargas et al. 2000) 
Sauropoda 
Lithostrotia 
Antarctosaurus cf. wichmannianus 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Age: Campanian-Maastrichtian 
(Gasparini 1979) 


62.6. PROVINCIA DE BIOBIO, CHILE 


1. Quiriquina Formation (Lambrecht 1929; 


Chiappe 1991b) 
Theropoda 
Avialae 
Neornithes 
Gaviiformes 
Neogaeornis wetzeli 
Age: Campanian-Maastrichtian 
(Riccardi 1988) 


62.7. PROVINCIA DE COPAIPO, CHILE 


1. Los Hornitos Formation (Iriarte, 
pers. comm.) 
Sauropoda 
Titanosauria indet. 
Age: Late Cretaceous (Iriarte, pers. 
comm.) 


62.8. PROVINCIA DE LIMARI, CHILE 


1. Unnamed unit (Iriarte, pers. comm.) 
Sauropoda 
Lithostrotia 
Antarctosaurus wichmanianus 
Antarctosaurus sp. 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Age: Late Cretaceous (Iriarte, 
pers. comm.) 


63.1. PROVINCIA DE LA RIOJA, ARGENTINA 


1. Unnamed unit (Arcucci, pers. comm.) 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 


Age: Maastrichtian (Sempere et al. 1997) 


63.3. PROVINCIA DE SANTA CRUZ, 
ARGENTINA 
1. Chorrillo Formation (Powell 1986) 
Theropoda indet. 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Maastrichtian (Powell 1986) 

2. Cardiel Formation (= “Guaranitic” 
Formation; Ameghino 1898, 1899a, 
1899b; Huene 1929a; Molnar 1980b; 
Powell 1986; Coria and Salgado 1996a) 


Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Sauropoda indet. (= Clasmodosaurus 
spatula) 
Ornithopoda indet. (= Loncosaurus 
argentinus) 


Age: Late Cretaceous (Huene 1929a) 


3. Unnamed unit (Huene 1929a) 
Sauropoda 
Titanosauria indet. (= Argyrosaurus 
superbus) 
Age: Late Cretaceous (Huene 1929a) 
4. Unnamed unit (Dibenedetto, pers. 
comm., in Bonaparte and Gasparini 
1979) 
Sauropoda 
Titanosauria 
Argyrosaurus superbus 
Age: Late Cretaceous (Bonaparte 
and Gasparini 1979) 


63.4. PROVINCIA DE CHUBUT, 
ARGENTINA 


a 


. Laguna Palacios Formation (Bonaparte 
1979a) 

Theropoda indet. 

Sauropoda 

Titanosauria indet. (= Argyrosaurus 
superbus) 

Age: Coniacian-Maastrichtian 
(=Senonian; Bonaparte 
1979a) 

2. Bajo Barreal Formation (Bonaparte and 
Gasparini 1979; Martinez et al. 1986, 
1993, 1999; Powell 1986; Powell et al. 
1989; Martinez and Novas 1997; 
Martinez 1998, 1999; Lamanna, pers. 
comm.; = “San Jorge” Formation, Brett- 
Surman 1979) 

Theropoda 

Ceratosauria 
Xenotarsosaurus bonapartei 
Abelisauridae indet. 
Undescribed tetanuran 
?Coelurosauria 
Aniksosaurus darwini 
Theropoda indet. 
Sauropoda 
Undescribed diplodocoid 
Titanosauria 
Epachthosaurus sciuttoi 
Undescribed titanosaurian 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Sauropoda indet. (including 
Campylodon ameghinoi) 
?Ornithischian tracks 
Ornithopoda 
Euornithopoda 
Notohypsilophodon comodorensis 
Hadrosauridae 
Secernosaurus koerneri 

Age: Cenomanian-Coniacian (Bridges 
et al. 2000) 

. Castillo, Bajo Barreal, and Laguna 
Palacios formations (undifferentiated; 
Huene 1929a; Powell 1986) 
Theropoda 

?Abelisauridae indet. 
Sauropoda 
Titanosauria 
Argyrosaurus superbus 
Argyrosaurus sp. 
Lithostrotia 
Antarctosaurus cf. wichmannianus 


w 
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Laplatasaurus araukanicus 
cf. Laplatasaurus sp. 
Sauropoda indet. (= Campylodoniscus 
ameghinoi) 

Age: Cenomanian-Coniacian (Bridges 
et al. 2000); Campanian- 
Maastrichtian (Powell 
1986) 

4. La Colonia Formation (Bonaparte 1985; 
Ardolino and Delpino 1987) 
Theropoda 

Ceratosauria 
Carnotaurus sastrei 
Age: Campanian-Maastrichtian (Pascual 
et al. 2000) 

. Unnamed unit (Casamiquela vide 

Leonardi 1994) 

Euornithopod tracks 

Age: late Maastrichtian (Casamiquela 
vide Leonardi 1994) 

6. Cerro Castillo Formation (Corro 1966; 

Bonaparte, pers. comm.) 

Theropoda 

Tetanurae indet. (= Megalosaurus 
chubutensis, M. inexpectatus) 

Age: Late Cretaceous (Bonaparte 1978a) 

7. Unnamed unit (Woodward 1901; 

Bonaparte 1978a) 

Theropoda 

Ceratosauria indet. (= Genyodectes 
serus) 

Age: Late Cretaceous (Bonaparte 1978a) 


n 


63.6. PROVINCIA DE NEUQUEN, 
ARGENTINA 
1. Rio Limay Formation (Leonardi 1989; 
Calvo 1991, 1999; Calvo and Bonaparte 
1991; Bonaparte and Coria 1993; Coria 
and Salgado 1993b, 1998a, 1998b, 
1999b, 2001; Leonardi 1994; Calvo and 
Salgado 1995; Coria and Salgado 1995; 
Bonaparte 1996b; Coria and Currie 
1997; Calvo and Coria 1998; Mazzetta 
and Blanco 2001; Leanza and Hugo 
2001; Coria and Calvo 2002; includes 
Candeleros, Huincul, and Cerro 
Lisandro formations) 
Theropoda 
Ceratosauria 
Tlokelesia aguadagrandensis 
Unnamed abelisaur 
Carnosauria 
Giganotosaurus carolinii 
Unnamed carcharodontosaurid 
Theropod tracks 
Sauropoda 
Diplodocoidea 
Rayososaurus tessonei 
(= Rebbachisaurus tessonei) 
Titanosauria 
Argentinosaurus huinculensis 
Andesaurus delgadoi 
Titanosauridae indet. 
Sauropod tracks 
Ornithopoda 
Euornithopoda 
Anabisetia saldiviai 
Euornithopod tracks 


N 


Age: Cenomanian-early Turonian 
(Leanza and Hugo 2001); 
Albian-Cenomanian (Calvo 
and Bonaparte 1991) 

Rio Neuquén Formation (Huene 1929a; 

Bonaparte and Gasparini 1979; Novas 

et al. 1996; Novas and Puerta 1997; 

Novas 1998; Calvo et al. 2001; Coria 

2001; Calvo and Gonzalez Riga 1999, 

2003; = Portezuelo Formation, Leanza 

and Hugo 2001) 

Theropoda 

Tetanurae indet. 
?Dromaeosauridae 
Troodontidae indet. 
Dromaeosauridae 

Unenlagia comahuensis 

Megaraptor namunhuaiquii 
Avialae 

Alvarezsauridae 

Patagonykus puertai 
Theropoda indet. 
Sauropoda 

Lithostrotia 

Antarctosaurus wichmannianus 

Rinconsaurus cadamirus 

Titanosaurus sp. 

Undescribed lithostrotian 
Sauropoda indet. (= Antarctosaurus 

giganteus) 

Ornithopoda indet. 

Age: Turonian-Coniacian (Cruz et al. 
1989; Leanza and Hugo 
2001) 

Rio Colorado Formation (Bonaparte 

and Gasparini 1979; Powell 1986; 

Chiappe and Calvo 1989; Chiappe 1990, 

1992; Bonaparte 1991a; Alvarenga and 

Bonaparte 1992; Salgado and Calvo 

1993; Calvo et al. 1997b; Chiappe et al. 


1998b, 2001a, 2001b; Gonzalez Riga and 


Calvo 2001; Coria et al. 2000, 2002a) 
Theropoda 
Ceratosauria 
Velocisaurus unicus 
Aucasaurus garridoi 
Carnosauria 
Unnamed carcharodontosaurid 
Avialae 
Alvarezsauridae 
Alvarezsaurus calvoi 
Ornithothoraces 
Patagopteryx deferrariisi 
Enantiornithes 
Neuquenornis volans 
Enantiornithes indet. 
Theropoda indet. 
Sauropoda 
Titanosauria 
Lithostrotia 
Saltasauridae 
Neuquenosaurus australis 
(including ?Loricosaurus 
scutatus, Microcoelus 
patagonicus, Titanosaurus 
nanus) 
Titanosaurus sp. 
Undescribed lithostrotian 


Lithostrotia indet. 
(= Titanosauridae indet.) 
Titanosauria indet. 
(= cf. Argyrosaurus sp.) 
Titanosaurid eggs 
Age: Santonian (Leanza and Hugo 
2001); Santonian-early 
Campanian (Heredia and 
Salgado 1999) 


4. Unnamed unit (Leonardi 1989) 


Theropod tracks 
Age: ?Campanian-Maastrichtian 
(=Senonian; Leonardi 1989) 


5.?Laguna Palacios Formation (Tapia 1918; 


Huene 1929a) 

?Ceratopsia indet. (= Notoceratops 
bonarellii) 

Age: Late Cretaceous (Bonaparte 1996b) 


63.7. PROVINCIA DE SALTA, ARGENTINA 


1. Los Blanquitos Formation (Powell 1978, 


1979, 1986; Bonaparte 1996b) 
Theropoda 
?Dromaeosauridae 
Unquillosaurus ceibalii 
Theropoda indet. 
Sauropoda 
Sauropoda indet. 
Titanosauria 
Lithostrotia 
Laplatasaurus cf. araukanicus 
?Titanosaurus sp. 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Titanosauria incertae sedis 
Antarctosaurus sp. 
Dinosaur eggs 
Age: ?Campanian (Bonaparte et al. 1977) 


2. Yacoraite Formation (Bonaparte and 


Bossi 1967; Alonso and Marquillas 1976, 
1986; Alonso 1980, 1989; Leonardi 
1989) 
Theropoda indet. 
Theropod tracks (including avialan tracks) 
Ornithopoda 
Euornithopod tracks 
Hadrosauridae indet. 
Age: Maastrichtian (Sempere et al. 1997) 


3. Lecho Formation (Bonaparte and Powell 


1980; Walker 1981; Brett-Surman and 
Paul 1985; Powell 1986; Chiappe 1991a, 
1993; Frankfurt and Chiappe 1999) 
Theropoda 
Ceratosauria 
Noasaurus leali 
?Abelisauridae indet. 
?Oviraptorosauria indet. 
Avialae 
Enantiornithes 
Avisaurus archibaldi 
Enantiornis leali 
Soroavisaurus australis 
Lectavis bretincola 
Yungavolucris brevipedalis 
Enantiornithes indet. 
Sauropoda 
Saltasauridae 
Saltasaurus loricatus 


Age: ?late Campanian-Maastrichtian 
(Bonaparte et al. 1977; 
Powell 1986) 


63.8. PROVINCIA DE ENTRE RIOS, 


ARGENTINA 


1. Puerto Yerua Formation (= Tacuarembo 


Formation; Huene 1929a; Powell 1986) 
Sauropoda 
Lithostrotia indet. (= Argyrosaurus 
superbus) 
Age: Late Cretaceous (Powell 1986) 


63.9. PROVINCIA DE MENDOZA, 


ARGENTINA 


1. Rio Colorado Formation (Alcober et al. 


1995, 1998a; Wilson et al. 1999a; Leanza 
and Hugo 2001; includes Bajo de la 
Carpa and Anacleto formations) 
Theropoda 
Undescribed carcharodontosaurid 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Santonian (Leanza and Hugo 2001); 
Santonian-early Campanian 
(Heredia and Salgado 1999) 


. Loncoche Formation (Gonzalez Riga 


1999b) 

Theropoda indet. 

Sauropoda indet. 

Age: late Campanian-early 
Maastrichtian (Gonzalez 
Riga 1999b) 


63.10. PROVINCIA DE RIO NEGRO, 


ARGENTINA 


1. Angostura Colorada Formation (J. E. 


w 


Powell 1986, 1987c; Bonaparte 1996b) 
Sauropoda 
Lithostrotia 
Aeolosaurus rionegrinus 
Lithostrotia indet. 
(= Titanosauridae indet.) 
Dinosaur eggs 
Age: Campanian (Powell 1986; 
Bonaparte 1996b) 


. Los Alamitos Formation (Bonaparte 


et al. 1984; J. E. Powell 1986, 1987c; 
Chiappe 1996a; Salgado et al. 1997b) 
Theropoda 
Avialae indet. 
Theropoda indet. 
Sauropoda 
Lithostrotia 
Aeolosaurus rionegrinus 
Ornithopoda 
Hadrosauridae 
Unnamed hadrosaurine 
(= “Kritosaurus” australis) 
Dinosaur eggs 
Age: late Campanian-early Maastrichtian 
(Bonaparte et al. 1984) 


. Coli Toro Formation (Casamiquela 


1964a; Powell 1986) 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
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Ornithopoda 
Hadrosauridae indet. 
Age: Campanian-Maastrichtian (Powell 
1986) 

4. Rio Colorado Formation (Lydekker 
1893a; Huene 1929a; Bonaparte and 
Gasparini 1978; Bonaparte and Novas 
1985; Coria and Salgado 1996b; Leanza 
and Hugo 2001; Calvo, pers. comm.; 
includes Bajo de la Carpa and Anacleto 
formations) 

Theropoda 
Ceratosauria 
Abelisaurus comahuensis 
?Abelisauridae indet. 
Theropoda indet. 
Sauropoda 
Lithostrotia 
Antarctosaurus wichmannianus 
Lithostrotia indet. 
(= cf. Macrurosaurus sp.) 
Saltasauridae 
Neuquenosaurus australis 
(including ?Loricosaurus 
scutatus, Titanosaurus nanus 
Saltasaurus robustus 
?Titanosaurus sp. 
Ornithopoda 
Euornithopoda 
Gasparinisaura cincosaltensis 


Africa 


African Late Cretaceous dinosaur locations now number 20, a 
110% increase since 1992. Among the best come from the Western 
Desert of Egypt; these were collected and studied by E. Stromer. 
Although this material was destroyed at the close of World 
War Il, new collecting efforts have been made there by O. W. M. 
Rauhut, and most recently by J. B. Smith and co-workers. Ad- 
ditional African sites of significance include Morocco (worked 


64.7. PROVINCE D’AGADIR, MOROCCO 


1. Unnamed unit (Ambroggi and 
Lapparent 1954) 
Theropod tracks 
Age: Maastrichtian (Ambroggi and 
Lapparent 1954) 


64.6. PROVINCE DE KSAR-ES-SOUK, 
MOROCCO 


1. Upper Kem-Kem Beds (Lavocat 1954; 
Jacobs et al. 1996; Sereno et al. 1996; 
Sadleir 1998) 

Theropoda 
Carnosauria 
Carcharodontosaurus saharicus 
Coelurosauria incertae sedis 
Deltadromeus agilis 
Dromaeosauridae indet. 
Theropod tracks 
Sauropoda 
Undescribed sauropods 
(two species?) 
Sauropoda indet. 
(= Rebbachisaurus sp.) 
Sauropod tracks 


Age: Santonian (Leanza and Hugo 2001); 
Santonian-early Campanian 
(Heredia and Salgado 1999) 
5. Allen Formation (Huene 1929a; Powell 
1986, 1996; Salgado and Coria 1993a, 
1993b, 1996; Bonaparte 1996; Salgado 
1996; Salgado and Azpilicueta 2000; 
Clarke and Chiappe 2001; Coria 2001; 
Priéto-Marquez 2002) 
Theropoda 
Avetheropoda incertae sedis 
Quilmesaurus curriei 
Avialae 
Ornithurae 
Limenavis patagonica 
Sauropoda 
Titanosauria 
Undescribed titanosaurian 
Lithostrotia 
Aeolosaurus sp. 
Laplatasaurus araukanicus 
Pellegrinisaurus powelli 
Rocasaurus muniozi 
Saltasauridae 
Saltasaurus robustus 
Ankylosauria 
?Nodosauridae indet. 
Ornithopoda 
Hadrosauridae 
Undescribed hadrosaurid 


and 24.23. 


Ornithopoda 
Undescribed iguanodontian 
Euornithopod tracks 
Age: Cenomanian (Sereno et al. 1996) 
2. Continental Red Beds (= Grés rouge 
infracénomaniens; Monbaron 1978; 
Buffetaut 1989a, 1989b; Russell 1996; 
Sereno et al. 1996, 1998) 
Theropoda 
Ceratosauria 
Abelisauridae indet. (including 
cf. Majungasaurus sp.) 
Tetanurae incertae sedis 
Sigilmassasaurus brevicollis 
Sigilmassasaurus sp. 
Spinosauroidea 
Spinosaurus maroccanus 
Spinosaurus cf. aegyptiacus 
Spinosaurus sp. 
Carnosauria 
Carcharodontosaurus saharicus 
Carcharodontosaurus sp. 
?Carcharodontosaurus sp. 
Theropoda indet. (including 
cf. Elaphrosaurus sp.) 
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Lambeosaurinae indet. 
Dinosaur eggs 
Age: middle Campanian (Heredia and 
Salgado 1999) 
6. Unnamed unit (Casamiquela 1987; 
Chiappe 1991b) 
Dinosaur tracks 
Avialan tracks 
Age: late Maastrichtian (Casamiquela 
1987) 
7. Unnamed unit (Chiappe 1992) 
Theropoda 
Avialae 
Undescribed ornithurines 
Age: Maastrichtian (Chiappe 1996a) 


63.11. PROVINCIA DE LA PAMPA, 
ARGENTINA 


a 


. Allen Formation (Gonzalez Riga and 
Casadio 2000) 
Ornithopoda 
Hadrosauridae 
Hadrosaurinae indet. 
Age: middle Campanian (Heredia and 
Salgado 1999) 
2. Colorado Formation (Casadio et al. 
2002) (not plotted) 
Dinosaur eggs 
Age: Campanian-Maastrichtian 
(Casadio et al. 2002) 


by A. F. de Lapparent and co-workers, and P. C. Sereno and co- 
workers), Niger (worked by P. Taquet), and Madagascar (worked 
by M. C. Deperét, A. Thevenin, R. Lavocat, I. Obata and co- 
workers, and P. Taquet and co-workers, and by D. W. Krause, 
S. D. Sampson, C. A. Forster, and co-workers. Late Cretaceous 
dinosaur sites from Africa are shown in figures 24.10, 24.11, 


Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Sauropoda indet. (including 
Rebbachisaurus sp.) 
Age: Cenomanian (Buffetaut 1989a, 
1989b; Russell 1996) 


65.6. WILAYA LAGHOUAT, ALGERIA 


1. Unnamed unit (Bellair and Lapparent 
1949) 
Theropod tracks 
Age: Cenomanian (Bellair and 
Lapparent 1949) 


67.1. REGION DE GAO, MALI 


1. Unnamed unit (Mateer et al. 1992) 
Theropoda indet. (= Megalosaurus sp.) 
Sauropoda 

Lithostrotia indet. (= Titanosauridae 
indet.) 
Ornithopoda 
Iguanodontia indet. (= Dryosaurus sp.) 
Age: Late Cretaceous (Mateer et al. 
1992) 


68.2. DEPARTEMENT DE TAHOUA, NIGER 
1. In Beceten Formation (Greigert et al. 
1954; Broin et al. 1974) 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Coniacian-Santonian (Taquet 1976; 
Moody and Sutcliffe 1991) 
2. Unnamed unit (Greigert et al. 1954; 
Broin et al. 1974; Moody and Sutcliffe 
1991; Jacobs et al. 1996) 
Theropoda 
Avetheropoda incertae sedis 
Bahariasaurus ingens 
Sauropoda 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Age: Coniacian-Santonian (Moody and 
Sutcliffe 1991) 
3. Dukamaje Formation (Moody and 
Suttcliffe 1991) 
Theropoda 
Avetheropoda incertae sedis 
?Bahariasaurus ingens 
Age: Maastrichtian (Kogbe 1981) 


69.1. AL-BAHR AL-AHMAR, EGYPT 


1. Abu Agag Formation (Demathieu and 
Wycisk 1990) 
?Ornithischian tracks 
Age: Turonian (Hendriks et al. 1987) 


69.2. MARSA MATRUH, EGYPT 


1. Baharija Formation (Stromer 1934a; 
El-Khashab 1977; Rauhut 1995; Jacobs 
et al. 1996; Smith et al. 2001b) 
Theropoda 

Spinosauridae 
Spinosaurus aegyptiacus 
Spinosaurus sp. 
Avetheropoda incertae sedis 
Bahariasaurus ingens 
Allosauroidea 
Carcharodontosaurus saharicus 
Undescribed theropod 
Theropoda indet. (= Elaphrosaurus sp., 
cf. Erectopus sauvagei) 
Sauropoda 
Dicraeosauridae 
cf. Dicraeosaurus sp. 
Titanosauria incertae sedis 
Aegyptosaurus baharijensis 
Lithostrotia 
Paralititan stromeri 
Sauropoda indet. 
Age: ?early Cenomanian (Said 1962) 

2. Variegated Shale of the Nubian 
Formation (Awad and Ghobrial 1966; 
Hotton, pers. comm., in El-Khashab 
1977) 

Ornithischia indet. 


Australasia 


Over the past decade, the number of Australasian dinosaur faunas 
has doubled to four (figs. 24.1 and 24.12). A single Late Cretaceous 


Age: pre-Maastrichtian Late Cretaceous 
(El-Khashab 1977) 

3. Nubian Sandstone (Stromer and Weiler 

1930) 
Theropoda indet. 
Age: ?Campanian (Said 1962) 

4. Phosphate Beds (Stromer and Weiler 
1930; Molnar 1980b; Jacobs et al. 1996) 
Theropoda 

?Abelisauridae indet. (= Majungasaurus 
crenatissimus) 
Age: Campanian-Maastrichtian (Said 
1962) 
5. Dahkla Formation (Rauhut and Werner 
1997) 
Sauropoda 
Titanosauriformes indet. 
(=?Brachiosauridae indet.) 
Age: Maastrichtian (Barthel et al. 
1981) 


71.1. NORTHERN PROVINCE, SUDAN 


1. Wadi Milk Formation (Broin et al. 1974; 
Buffetaut et al. 1990; Werner 1993; 
Rauhut and Werner 1995; Jacobs et al. 
1996; Rauhut 1999) 

Theropoda 
Avetheropoda incertae sedis 
Bahariasaurus sp. 
Allosauroidea 
Carcharodontosaurus sp. 
Carcharodontosauridae indet. 
Dromaeosauridae indet. 
Theropoda indet. 
Sauropoda 
Dicraeosauridae indet. 
Lithostrotia indet. (= Titanosauridae 
indet.) 
Ornithopoda 
Euornithopoda indet. 
Iguanodontia 
cf. Ouranosaurus sp. 
Iguanodontia indet. 
Ornithopoda indet. 
Age: ?Albian-Cenomanian (Schrank 
1989) 

2. Shendi Formation (Rauhut 1999) 

(not plotted) 
Theropoda indet. 
Age: ?Albian-Cenomanian (Schrank 1989) 


74.1. RIFT VALLEY PROVINCE, KENYA 


1. Turkana Grits (Arambourg and Wolff 
1969; Jacobs et al. 1996; Harris and 
Russell 1986) 

Theropoda 
Spinosauridae 
cf. Spinosaurus sp. 
Undescribed theropod 
Theropoda indet. 
Sauropoda 


Lithostrotia indet. 
(=cf. Titanosaurus sp.) 
Sauropoda indet. 
?Ornithopoda indet. 
Age: Turonian-Santonian (Westcott 
et al. 1993) 


81.4. NATAL, SOUTH AFRICA 
1. Unnamed unit (Kennedy et al. 1987) 
Sauropoda indet. (=?Titanosauridae 
indet.) 
Age: early Santonian (Kennedy et al. 
1987) 


83.2. FARITANY MAJUNGA, MADAGASCAR 


1. Ankarafantsika Formation (Mateer et al. 
1992) 
Sauropoda indet. 
Age: Cenomanian (Mateer et al. 1992) 

2. Ankazomihaboka Formation (Curry 
1997; Rogers and Hartman 1998) 
Theropoda indet. (including 

Majungasaurus crenatissimus) 
Sauropoda 
Lithostrotia 
“Titanosaurus” madagascariensis 
Age: Coniacian (Curry 1997; Rogers and 
Hartman 1998) 

. Maevarano Formation (= Grés de 
Maevarano, Berivotro Formation; 
Depéret 1896; Thévenin 1907; Lavocat 
1955a; Russell et al. 1976; Sues and 
Taquet 1979; Sues 1980b; Forster 1996c; 
Forster et al. 1996, 1998; Jacobs et al. 
1996; Sampson et al. 1996, 1997, 1998, 
2001; Dodson et al. 1998; Curry Rogers 
and Forster 2001; Carrano et al. 2002) 
Theropoda 

Ceratosauria 
Majungatholus atopus 
Masiakasaurus knopfleri 
Majungasaurus crenatissimus 
?Spinosauridae indet. 
Avialae 
Alvarezsauridae 
Rahonavis ostromi 
Ornithothoraces 
Vorona berivotrensis 
Enantiornithes indet. 
Sauropoda 
Lithostrotia 
Rapetosaurus krausei 
“Titanosaurus” madagascariensis 
Undescribed lithostrotian 
Lithostrotia indet. 
(= Titanosauridae indet.) 
?Ornithischia indet. (= Stegosaurus 
madagascariensis) 
Age: Campanian (Obata and Kanie 
1977; Rogers and Hartman 
1998) 


w 


location is known from Queensland, Australia (in large part 
an important ichnofauna being worked by R. A. Thulborn and 
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M. Wade. Two newly discovered faunas, so far based on intrigu- 
ing but as yet poorly known theropod skeletal material, have 
been reported from Western Australia by J. A. Long. The last site 


84.1. QUEENSLAND, AUSTRALIA Euornithopod tracks 


1. Winton Formation (Coombs and Age: Cenomanian (Thulborn and Wade 
Molnar 1981; Thulborn and Wade 1984; 1984) 
Rich and Vickers Rich 1997; Salisbury, 


pers. comm.) 84.2. WESTERN AUSTRALIA, 


Saurischia indet. AUST RATS 
Theropod tracks 1. Molecap Greensand (Long 1995) 
Sauropoda Theropoda indet. 

Titanosauria Age: Cenomanian-?Santonian 


Austrosaurus sp. 
Undescribed sauropod 
Sauropod tracks 

Ornithischia indet. 


(McWhae et al. 1958) 
2. Miria Formation (Long 1992) 
?Theropoda indet. 
Age: late Maastrichtian (Long 1992) 


Antarctica 


Despite the remoteness and arduous collecting conditions of the 
continent, three important discoveries have been made from 
the Upper Cretaceous of Antarctica over the past 15 years 
(fig. 24.1). Described by J. A. Case, Z. de Gasparini, J. J. Hooker, 
A.C. Milner, R. E. Molnar, and colleagues, these occurrences 


come from James Ross and Vega islands. 


86.0. ANTARCTICA 
1. Hidden Lake Formation (Molnar et al. 


1996) 
Theropoda indet. 


Age: Coniacian-Santonian (Molnar et al. 


1996) 
2. Santa Marta Formation (Gasparini et al. 
1987, 1996) 
Ankylosauria 
Nodosauridae indet. 


Age: late Campanian (Olivero et al. 
1991) 


3. Lopez de Bertodano Formation 


(Chatterjee 1989, 2002; Hooker et al. 
1991; Milner et al. 1992; Case and 
Tambussi 1999; Rich et al. 1999a; Case et 
al. 2000; Milner, pers. comm.) 
Theropoda 
Avialae 
Aves 
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comes from North Island, New Zealand (described by R. E. Mol- 
nar, R. J. Scarlett, and J. Wiffen). 


85.1. NORTH ISLAND, NEW ZEALAND 


1. Tahora Formation (Molnar 
1980c; Scarlett and Molnar 1984; 
Wiffen and Molnar 1989; 
Molnar and Wiffen 1994; 
Wiffen 1996) 

Theropoda indet. 
Sauropoda indet. 
Ankylosauria 

Nodosauridae indet. 
Ornithopoda 

Iguanodontia indet. 
Age: Campanian (Moore 1987) 


Gaviidae 
Polarornis gregorii 
Undescribed avialans 
Ornithopoda 
Euornithopoda 
Undescribed euornithopodan 
Hadrosauridae indet. 
Age: late Campanian-early 
Maastrichtian (Pirrie et al. 
1991; Milner et al. 1992) 


TWENTY-FIVE 


Dinosaur Taphonomy 


ANTHONY R. FIORILLO 
DAVID A. EBERTH 


What Is Taphonomy and Why Is It 
Important in the Study of Dinosaurs? 


Taphonomy was originally defined as the study of the physical 
transition of animal remains from the biosphere to the litho- 
sphere (Efremov 1940). In its broader modern definition and 
applications (Behrensmeyer and Kidwell 1985; Behrensmeyer 
et al. 2000), taphonomy is the study of all biotic and abiotic fac- 
tors that influence the preservation of organismal remains after 
death. Taphonomic factors remove or modify information about 
living organisms and assemblages (e.g., soft tissue decomposi- 
tion, bone dispersal) and therefore create a biased picture of 
their biology and environmental and ecological associations. 
Thus, studies of taphonomic influences provide opportunities 
to identify biases and remove them from our interpretations of 
paleobiology, paleoenvironments, and paleoecology. 
Although taphonomy is fundamentally a means to assess 
information loss or bias in dead organisms (Lyman 1994, fig. 2.2), 
it can also be viewed as a tool to gather and gain information. 
The recognition and comparison of taphofacies and tapho- 
nomic modes (sensu Behrensmeyer 1988) in stratigraphic units 
and across paleogeographic areas (Behrensmeyer 1975; Badgley 
1986; Brett and Baird 1986; Behrensmeyer 1988) allow re- 
searchers to identify normal and unusual taphonomic modes 
(Therrien and Fastovsky 2000) and identify and interpret strati- 
graphic, temporal, and paleogeographic variations and patterns 
(Dodson et al. 1980b; Fiorillo 1999; Straight and Eberth 2002). 
Furthermore, by means of more encompassing comparisons 
of taphonomic modes through period- and era-scale intervals, 
megabiases can be identified (Behrensmeyer et al. 2000) and 
hypotheses of evolutionary change and variations in patterns 
of behavior, biological interaction, community structure, envi- 
ronmental association, and ecological relationships can be tested 
(Behrensmeyer and Hook 1992; Behrensmeyer and Cutler 1994). 
Comparative taphonomic data also provide opportunities to 
assess variations in the nature of ancient depositional systems, 
effects on fossilization and preservation, and time and spatial 
averaging (Rogers 1993; Fiorillo 1999; Trueman 1999; Rogers and 
Kidwell 2000; Eberth et al. 2001a; Straight and Eberth 2002). 
Vertebrate taphonomy is a multidisciplinary science with 
diverse objectives, methods, and applications (Behrensmeyer 
1991; Lyman 1994). For example, many recent expeditionary 


teams assembled to find, collect, and study dinosaurs in remote 
regions of the world (Currie et al., 1993, Currie 1996b, 2001; Fio- 
rillo and Gangloff 1999, 2000; Fiorillo et al. 1999; Krause et al. 
1999; Ishii et al. 2000) include geologists and biologists who 
combine their expertise to record and interpret taphonomic 
data (Eberth 1993; Jerzykiewicz et al. 1993; Johnston et al. 1996; 
Fastovsky et al. 1997; Loope et al. 1998; Eberth et al. 2001a; 
Rogers et al. 2001). Multidisciplinary approaches to taphonomy 
are further necessitated by specialized analytical techniques, 
such as petrographic analyses and geochemical fingerprinting 
of fossil bone and paleosols (Hubert et al. 1996; Trueman and 
Benton 1997; Trueman 1999; Therrien and Fastovsky 2000). 
Ultimately, taphonomy is a powerful multidisciplinary tool 
that can be used to establish and test ideas about paleobiology, 
paleobehavior, paleocommunity structure and evolution, paleo- 
ecology, paleoenvironments, and the nature of fossiliferous 
depositional systems. Given the hearty scientific and popular 
appetite for all things dinosaurian since the so-called “Dinosaur 
Renaissance” of the 1970s (Bakker 1968, 1980), it is not surpris- 
ing that there is widespread recognition (Fastovsky and Wei- 
shampel 1996) that taphonomic studies of dinosaur specimens, 
assemblages, and dinosaur-bearing formations are critical to 
understand more fully the vanished dinosaurian world. 


Historical Trends and Future 
Potential of Dinosaur Taphonomy 


Although defined formally by the Russian I. A. Efremov in 1940, 
taphonomy and its scientific principles became formally es- 
tablished in the vertebrate paleontological community largely 
through the efforts of Olson (1962), Voorhies (1969), Dodson 
(1971), and Behrensmeyer (1975). However, historical summaries 
(Olson 1980; Wilson 1988; Cadee 1991; Lyman 1994) and our 
review indicate that taphonomic principles were used to inter- 
pret aspects of the preservational history of dinosaurs long 
before the term “taphonomy” was introduced (Hennig 1925; 
Weigelt 1927/1989; Gilmore 1932a). 

Taphonomic studies of dinosaurs and dinosaur sites began 
in earnest with the geologically based work of Efremov during 
the 1946-1949 Mongolian Paleontological Expedition (Efremov 
1954). Subsequent discoveries and studies in the same region 
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by the Polish-Mongolian Paleontological Expeditions of 1963- 
1971 and others also included geologically focused taphonomic 
studies (Gradzinski 1970; Barsbold 1972, 1974b; Gradzinski and 
Jerzykiewicz 1974). Early taphonomic studies of dinosaur lo- 
calities included observations about specimen and skeletal com- 
pleteness and orientations and stratigraphic distributions; many 
studies applied the methods pioneered by Voorhies (1969; see 
also Dodson 1971; Lawton 1977; Rogers 1990; Fiorillo 1991a). 
Taphonomic data were often combined with geographic and 
stratigraphic distributions of specimens to assess aspects of 
paleoecology (Béland and Russell 1978; Dodson et al. 1980b; 
Jerzykiewicz and Russell 1991). 

During the 1970s and into the mid-1980s, taphonomic ap- 
proaches and applications expanded rapidly and began to ad- 
dress new and important questions about dinosaur biology, 
behavior, and ecology. Dinosaurs were portrayed as physiologi- 
cally active and behaviorally complex (Ostrom 1969a; Bakker 
1980), and taphonomic studies of exceptionally preserved spec- 
imens and/or unique sites provided additional valuable means 
to test new paleobiological hypotheses (Horner and Makela 1979; 
Currie and Dodson 1984; Hooker 1987; Norman 1987a). 

Although taphonomic analyses of dinosaurs and dinosaur 
sites have continued to prosper along these paleoenvironmen- 
tal and paleobiological lines (Rogers 1990; Fiorillo 1991a, 1991b, 
1994; Sander 1992; Eberth 1993; Osmolska 1993; Maxwell and 
Ostrom 1995; Richmond and Morris 1996; Bakker 1997; Chure 
et al. 1998; Fiorillo 1998a; Jacobsen 1998; Jacobsen and Ryan 
1999; Ryan et al. 2001b), new and important trends in dinosaur 
taphonomy are also emerging. Principal among these are: 


* geochemical studies of fossil bone to assess aspects of 
reworking and time averaging (Trueman and Benton 
1997; Trueman 1999; Grandstaff et al. 2001); 


analysis of soft-tissue preservational mechanism to 
provide greater insight into systematics, paleobiology, 
and paleoecology (Anderson et al. 1995; Dal Sasso and 
Signore 1998; Fisher et al. 2000); 


more finely tuned assessments of taphonomic modes and 
integration of comparative taphonomy approaches with 
sequence stratigraphic, paleoclimatic, and basin-scale 
paleoenvironmental data to better understand basin-scale 
preservational biases and assess paleoecological structure 
and changes within and between stratigraphic units 
(Sheehan et al. 1991; Rogers 1993; Rogers and Eberth 
1996; White et al. 1998; Fiorillo 1999; Therrien and 
Fastovsky 2000; Eberth et al. 2001a; Rogers et al. 2001; 
Straight and Eberth 2002). 


Ironically, although the total number of dinosaur-related 
scientific studies published annually is large (and apparently in- 
creasing), the percentage of those devoted to dinosaur taphon- 
omy is small (<5%, based on our review of the Society of Ver- 
tebrate Paleontology Annual Meeting abstracts published from 
1996 to 2002). We view this as due to a complex of factors that 
include the nongeologic and nonstratigraphic backgrounds 
of many dinosaur researchers; the technical, political, and fi- 
nancial complexities associated with conducting in situ multi- 
disciplinary taphonomic studies at dinosaur localities and on 
dinosaurs in general; and perhaps because, in isolation, few 
taphonomic data sets from dinosaur specimens and sites pro- 
vide important new insights that warrant publication in presti- 
gious journals. However, considered in the context of the pro- 
lific ongoing advances in finding and describing new dinosaurs 
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(see contributions throughout this volume) and the announce- 
ments of dinosaurs in spectacularly preserved states (Norell et al. 
1994; Dashzeveg et al. 1995; Chen et al. 1998; Dal Sasso and Sig- 
nore 1998; Fisher et al. 2000; Currie and Chen 2001), an appre- 
ciation for taphonomic perspectives is growing, and much more 
taphonomic work awaits to be done for Dinosauria. 


Taphonomic Parameters and Analytical 
Methods, with Applications to Dinosaur 
Fossils, Sites, and Formations 


The parameters and data-collecting methods used to conduct 
taphonomic analyses of dinosaurs and dinosaur sites are the 
same as those employed to study other vertebrate fossils and 
sites, and the use of standard parameters and practices has 
evolved with the growth of the science. Excellent summaries, 
reviews, and discussions of taphonomic parameters and data- 
collection methods applicable to all fossil vertebrate occurrences 
(single specimens, and macrofossil and microfossil bonebeds) 
can be found in Clark et al. (1967), Voorhies (1969), Munthe 
and McLeod (1975), Hunt (1978), Ward (1984), Badgley (1986), 
Fiorillo (1988, 1991a), Harris and Sweet (1989), Miller (1989), 
Behrensmeyer (1991), Lyman (1994), Rogers (1994), and Cifelli 
et al. (1996). 

Table 25.1 lists the most commonly employed parameters, the 
kinds of observations that are made and some of the methods 
used, and applications of the data. Among these, the selection 
of taphonomic parameters and the methodologies used usually 
reflect the goals of a study (see below), the interests of the re- 
searchers, and limiting factors, such as the preservational qual- 
ity of the material and host site, and other associated data sets 
(e.g., quality and extent of exposures in the field area). Even 
though the goals of studies may vary, there are suites of param- 
eters and methods that are frequently employed in taphonomic 
studies of dinosaurs. Among studies of macrofossil remains 
(single specimens, associated and articulated skeletons, and 
bonebeds), a basic taphonomic data set collected for reasons of 
scientific thoroughness during excavations may have other pri- 
mary objectives (e.g., systematics, exhibits, public education, 
fund raising). Although basic taphonomic data sets may not war- 
rant publication in prestigious scientific journals, they frequently 
appear in talks and posters at scientific conferences and in un- 
published theses. 

The taphonomic parameters that are studied at dinosaur 
macrofossil sites versus those of interest at microfossil sites dif- 
fer slightly. At macrofossil sites, taphonomic parameters of in- 
terest usually include: 


* spatial distribution of elements (Lawton 1977; Norman 
1987a; Rogers 1990; Fiorillo 1991a; Eberth 1998); 


* element orientations (Fiorillo 1991a; Sander 1992; 
Varricchio and Horner 1993; Varricchio 1995; Morris 
et al. 1996; Getty et al. 1998; Ryan et al. 2001b); 


* degree of association and/or disarticulation (Norman 
1987a; Rogers 1990; Fiorillo 1991a; Sander 1992; Schwartz 
and Gillette 1994); 


* skeletal element and taxonomic census data (Lawton 
1977; Lehman 1982; Norman 1987a; Fiorillo 1991a; 
Sander 1992; Varricchio and Horner 1993; Coria 1994; 
Varricchio 1995; Getty et al. 1998; Fiorillo et al. 2000; 
Ryan et al. 2001b); 


TABLE 25.1 


Suite of Taphonomic Parameters Employed in Dinosaur Studies 


Taphonomic 
Parameters Observations and Methods Applications and Inferences 
Spatial distribution Site/specimen location (GPS, map, airphoto, other) Total number of individual specimens (NISP) 


Element orientation 


Skeletal articulation 


Census data 


Taxonomic 


Skeletal 


Bone modification 


Facies association 


Geochemistry 


Areal extent of fossils (plan-view quarry map) 

Number of individual specimens (NISP)/m? (in plan view) 

Lateral distribution (homogenous, heterogenous, or patchy) 

Vertical distribution (concentrated on a bedding-plane; 
massive to graded within a unit) 

Azimuth/bearing (rose diagram; corrections for structure 
and magnetic declination) 

Plunge/dip (stereonet projection; corrections for structure) 

Articulated/associated skeletal “posture” 

Articulated, associated, or disarticulated skeleton 

Mixed: (what parts are articulated, associated, disarticulated?) 


Taxonomic composition 

Taxonomic relative abundance (measured in NISP or MNI) 

Taxonomic diversity (richness) relative to host formation or 
other sites (qualitative interpretation) 

Presence/absence of skeletal elements 

Relative abundance of skeletal elements 


Completeness 

Breakage/fractures 

Etching 

Weathering 

Abrasion 

Biotic marks (e.g., roots, gnaw, bite, trample, boring) 

Host facies and associated facies descriptions 

Bounding surfaces and sedimentary structure descriptions 
and interpretation 

Stratigraphy within host-facies and formation 

Paleosol and weathering/exposure overprints 

Rare earth elements and trace element analyses 

Major and minor element analyses 


Minimum number of individuals (MNI) 
Final burial event 

Depositional setting 

Death event 


Hydraulic influences 
Depositional setting 
Pre- and post-burial influences 


Pre- and post-burial influences 
Reworking 
Duration of subaerial exposure 


Community structure 

Death event(s) (mass-mortality versus attritional) 
Time averaging and/or reworking 

Differential transport (Voorhies Group analysis) 
Minimum number of individuals (MNI) 
Depositional setting 

Pre-burial events 

Pre- and post-burial events 

Depositional setting 

Death event(s) 

Duration of subaerial exposure 

Paleoecological setting 


Depositional setting 
Paleoecological setting 


Reworking and time averaging 
Environment of deposition and fossilization 
Assessing reliability of isotope analyses 


Note: “Observations and Methods” and “Applications and Inferences” are not exhaustive. 


* bone modification features (Rogers 1990, 1992; Fiorillo 
1991a, 1991b; Sander 1992; Fiorillo 1994; Getty et al. 1997, 
1998; Fiorillo 1998a; Hasiotis et al. 1999; Fiorillo et al. 


1995); 


* bone modification features (Cook 1995; Fastovsky et al. 


* facies associations (Dodson 1971; Fastovsky 1987; 


2000; Ryan et al. 2001b); 


facies associations (Dodson 1971; Lawton 1977; Fastovsky 
1987; Eberth 1990; Fiorillo and May 1996; Fastovsky et al. 
1997; Getty et al. 1998; White et al. 1998; Fiorillo et al. 


Fastovsky et al. 1995; Eberth and Brinkman 1997; Fiorillo 
et al. 2000; Rogers and Kidwell 2000; Eberth et al. 2001a; 
Straight and Eberth 2002). 


2000; Rogers and Kidwell 2000; Rogers et al. 2001). 


In contrast, taphonomic studies of dinosaur-element-bearing 
microfossil assemblages and sites tend to emphasize: 


* spatial distribution of elements (Eberth 1990; Fiorillo 


In addition to these standard taphonomic parameters, some 
rarely utilized and/or newly emerging taphonomic parameters 
and methods and associated data include: 


* GPS-based site/specimen location and/or orientation 


et al. 2000); 


taxonomic census data, accompanied by a modest degree 
of statistical analyses (Curtis 1989; Brinkman 1990; Kaye 
and Padian 1994; Eberth and Brinkman 1997); 


size and shape, with an emphasis on assessing hydraulic 
equivalency, transportation potential, and reworking 
(Eberth 1990; Blob and Fiorillo 1996; Fiorillo 1998b); 


mapping (Breithaupt et al. 2000; Pryor et al. 2001); 


trace and rare-earth element analyses in fossilized bone, 
to assess aspects of dinosaur fossil paleoenvironmental 
provenance and reworking and time averaging in dinosaur 
assemblages (Hubert et al. 1996; Trueman and Benton 
1997; Trueman 1999; Staron et al. 2001; Kemp and 
Trueman 2003); 
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* geochemical, microscopic, and macroscopic analyses 
of sediments and paleosols that host or are associated 
with dinosaurs, to assess environments of deposition 
(Fastovsky and McSweeney 1987; White et al. 1998; 
Therrien and Fastovsky 2000); 


stratigraphic and sedimentologic data from associated 
stratigraphic units in the area and region (Rogers 1993; 
Rogers and Kidwell 2000). 


Our review of the dinosaur taphonomy literature also sug- 
gests that there are significant biases in site selection for tapho- 
nomic studies that include: 


* rare taxa (Maxwell and Ostrom 1995; Eberth et al. 2000); 


* unusual or dramatic taphonomic and preservational 
modes (Currie and Dodson 1984; Schwartz and Gillette 
1994; Dashzeveg et al. 1995); 


extremely well-preserved specimens (Dashzeveg et al. 
1995; Fisher et al. 2000; Currie and Chen 2001); 


* combinations of these circumstances (Loope et al. 1998). 


For example, although monotaxic dinosaur sites consisting 
of multiple individuals (e.g., Maiasaura, Centrosaurus, Alberto- 
saurus, and Coelophysis bone beds) are generally rare in the rock 
record compared with multitaxic sites (e.g., channel lags with 
disarticulated dinosaur and other vertebrate remains; see Wood 
et al. [1988]), published taphonomic studies of the monotaxic 
sites are as Common or even More numerous than those of multi- 
taxic sites. We regard this discrepancy as due to a large number 
of factors, including a general preference for sites that have po- 
tential as paleobiological/ecological snapshots and that readily 
capture the imagination and attract media and public attention. 


Examples of Dinosaur Taphonomy Studies 


We group examples of taphonomic studies of dinosaurs into one 
of three primary categories (table 25.2): (1) monotaxic-site 
studies (sites with single individuals or dominated by multiple 
individuals of one taxon); (2) multitaxic-site studies (sites con- 
sisting of two or more taxa and any number of individuals); and 
(3) comparative-site studies (comparisons of sites that are stud- 
iedin the context of stratigraphy, sedimentology, and/or paleo- 
geography). This organization is valuable because it highlights 
the different insights on paleobiology, paleoecology, strati- 
graphy, and geology that these studies provide. For example, 
taphonomic studies of monotaxic sites consisting of single in- 
dividuals often provide important data for interpreting individ- 
ual biology and, possibly, behavior (Fiorillo 1991b; Currie et al. 
1995; Norell et al. 1995; Fastovsky et al. 1997; Chure et al. 1998). 
In contrast, monotaxic sites consisting of multiple individuals 
often provide data for interpreting ontogenetic growth patterns 
(Sampson et al. 1997), intraspecific or group behaviors (Currie 
and Dodson 1984; Currie 1998), and the causes of mass-death 
events (Rogers 1990; Varricchio 1995; Eberth 1998). 


Monotaxic Sites (Single Individuals) 


Gradzinski (1970) examined the facies associations of isolated 
dinosaur occurrences from Upper Cretaceous beds of Mongolia 
and interpreted these as being associated with eolian and allu- 
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vial depositional environments. In so doing, he falsified inter- 
pretations of environmental context, rates of burial, and degree 
of reworking that had been proposed by some previous workers. 

More recent reports of isolated dinosaurs from Cretaceous 
beds in Mongolia and northern China include brief taphonomic 
descriptions and interpretations of the mechanisms of preser- 
vation (Jerzykiewciz et al. 1993; Dashzeveg et al. 1995; Norell 
et al. 1995). Conversely, some geologically focused studies from 
the same area report single-specimen occurrences and provide 
taphonomic commentary based on geological data (Eberth 1993; 
Fastovsky et al. 1997; Loope et al. 1998). 

Taphonomic analyses of isolated dinosaur skeletons with 
stomach contents have been undertaken for hadrosaurids (Currie 
et al. 1995; Ancell et al. 1998) and sauropods (Stokes 1964). Stokes 
(1964) concluded that the organic contents in the stomach 
cavity of a sauropod were remnants of ingested material (but see 
Currie et al. [1995] for a differing opinion). Currie et al. (1995) 
could not determine whether the plant-rich stomach contents 
in a Corythosaurus from the Dinosaur Park Formation of south- 
ern Alberta were ingested or washed in death. Ancell et al. (1998) 
concluded that a gar in the stomach cavity of a Brachylopho- 
saurus from eastern Montana entered the cavity after the death 
of the hadrosaurid. 

Dinosaur skeletons preserved with skin impressions are 
common in regions of the Western Interior of North America 
(Czerkas 1997); however, there are only a few detailed tapho- 
nomic studies of these occurrences (Anderson et al. 1995). 

Isolated ornithischian skeletons and remains are common 
in marine shales in the Western Interior (Horner 1979; Fiorillo 
1990). Schwimmer (1997) and Schwimmer et al. (1997) have de- 
scribed taphonomic aspects of some of these occurrences from 
the eastern United States and have inferred from these data that 
shark scavenging was responsible for partial skeletal dismember- 
ment. Fiorillo (1990) noted the higher frequency of reports of 
dinosaur skeletons from marine units in North America com- 
pared with Tertiary mammal skeletons from the North American 
coastal plain. He speculated that this difference in frequency was 
a function of increased skeletal durability in dinosaur carcasses, 
enabling them to withstand offshore transport and burial. 

Isolated occurrences of tooth-marked bone provide impor- 
tant data on dietary preferences and scavenging behavior in 
Mesozoic terrestrial ecosystems (Bakker 1997; see also Fiorillo 
1991b; Chure et al. 1998). Many mammalian carnivores rou- 
tinely chew the bones of a carcass. Functional studies based on 
teeth and jaws of predatory dinosaurs conclude that these ani- 
mals were also capable of chewing bones (Farlow et al. 1991; 
Erickson et al. 1996). However, based on the low frequency of 
tooth-marked bone in the Mesozoic (Fiorillo 1991a, 1991b; Var- 
ticchio 1995; Chure et al. 1998; Jacobsen 1998; Fiorillo et al. 
2000), predatory dinosaurs did not routinely chew the bones 
of their prey. 


Monotaxic Sites (Multiple Individuals) 


Taphonomic studies of monotaxic sites where multiple individ- 
uals of a single taxon dominate are common in the literature 
and attract interest because of their potential for providing in- 
sight into behavior, paleobiology, and paleoecology. Interpre- 
tations of nest structure, colonial nesting, and site fidelity have 
been attributed to the hadrosaurid, Maiasaura, and are based not 
only on taphonomy (association and detailed distributions of 
Maiasaura eggs, embryos, hatchlings, and adults), but alsoon an 
interpretation of stratigraphy and aspects of the sedimentary 


TABLE 25.2 


Classification of Dinosaur-Based Taphonomy Studies 


Kinds of Studies 


Examples of Studies 


Applications of Data 


Monotaxic site 
Single specimen/individual 


Multiple individuals 


Multitaxic site 
Low taxonomic diversity 


High taxonomic diversity 


Comparative site 


Stokes 1964; Gradzifiski 1970; Dodson 1971; 
Anderson et al. 1995; Currie et al. 1995; Dashzeveg 
et al. 1995; Norell et al. 1995; Fiorillo and May 
1996; Schmude and Weege 1996; Fastovsky et al. 
1997; Schwimmer 1997; Ancell 1998; Chure et al. 
1998 

Horner and Makela 1979; Horner 1982; Currie and 
Dodson 1984; Hooker 1987; Norman 1987; Rogers 
1990; Sander 1992; Varricchio and Horner 1993; 
Coria 1994; Schwartz and Gillette 1994; Sampson 
et al. 1997; Varricchio et al. 1997; Chiappe et al. 
1998; Currie 1998; Eberth 1998; Eberth et al. 2000; 
Chiappe and Dingus 2001; Ryan et al. 2001 


Ostrom 1969; Osmolska 1993; Maxwell and Ostrom 
1995; Fiorillo and May 1996; Bakker 1997; Ryan 
et al. 1998 

Dodson 1971; Lawton 1977; Fastovsky 1987; 
Winkler et al. 1988; Wood et al. 1988; Eberth 1990; 
Fiorillo 1991a; Hunt 1991; Varricchio and Horner 
1993; Fiorillo 1994; Cook 1995; Fastovsky et al. 
1995; Varricchio 1995; Blob and Fiorillo 1996; 
Richmond and Morris 1996; Benton et al. 1997; 
Eberth and Brinkman 1997; Fiorillo et al. 2000 

Gradzinski 1970; Dodson 1971; Dodson et al. 1980; 
Fastovsky 1987; Wood et al. 1988; Eberth 1990; 
Rogers 1990; Hunt 1991; Sheehan et al. 1991; 
Rogers 1993; Cook 1995; Bakker 1997; Eberth and 
Brinkman 1997; Fastovsky et al. 1997; Retallack 
1997; Trueman and Benton 1997; White et al. 
1998; Trueman 1999; Rogers and Kidwell 2000; 
Therrien and Fastovsky 2000; Eberth et al. 2001; 
Rogers et al. 2001 


Individual biology (e.g., diet, anatomy, behaviors) 

Scavenging behaviors 

Death events 

Associated paleoenvironments and preservational 
mechanisms and biases 


Species biology (e.g., ontogeny, morphological 
variation, reproductive behaviors; gregarious 
behaviors) 

Death events 

Associated paleoenvironments and 
preservational mechanisms and biases 

Paleocommunities and paleoecology 


Intra- and interspecies biology (e.g., 
predator/prey relationships; feeding behaviors; 
agonistic behaviors) 

Death events 

Associated paleoenvironments and 
preservational mechanisms and biases 


Paleocommunities and paleoecology and changes 
through time and/or space 

Interspecies biology (e.g., predator-prey 
relationships; habitat preferences) 

Death events 

Associated paleoenvironments and 
preservational mechanisms and biases 

Basin evolution 

Time averaging 


geology in the host sediments (Horner and Makela 1979; Horner 
1982; Hooker 1987). The Auca Mahuevo sauropod egg and em- 
bryo site in Neuquén, Argentina, yields exquisite and abundant 
sauropod embryo remains (Chiappe et al. 1998b), and based on 
similar data sets (concentration and distribution of specimens), 
has been interpreted as a gregarious nesting ground for sauro- 
pods (Chiappe et al. 1999b; Chiappe and Dingus 2001). Varric- 
chio et al. (1997) described and interpreted the arrangement and 
sedimentary context of Troodon eggs from the Two Medicine 
Formation of Montana and confirmed the presence of nests and 
parental associations in that taxon. 

Monotaxic or nearly monotaxic assemblages of theropods 
and assemblages that are dominated by theropods (and not as- 
sociated with nesting grounds) are rare (known sites number 
fewer than 20). However, there is considerable scientific and 
popular interest in the degree to which these and other sites 
provide evidence for cooperative pack-hunting behavior in thero- 
pods (Currie 1998) or family structure (Bakker 1997). Among 
monotaxic and nearly monotaxic sites, those that have been 
the focus of taphonomic study include the Coelophysis Quarry 
(Chinle Formation, Upper Triassic) of New Mexico (Colbert 1989; 
Schwartz and Gillette 1994), the Albertosaurus bone bed (upper 
Horseshoe Canyon Formation, Maastrichtian) of southern Al- 


berta (Currie 1998; Eberth and McCrea 2002), and the Mapu- 
saurus bone bed (Huincal Formation, Cenomanian) of Neu- 
quén, Argentina (Eberth et al. 2000; Eberth and McCrea 2002). 
Taphonomic data have been applied to the following questions: 
(1) Did individuals at each site die together or do they represent 
a time-averaged assemblage of individuals? (2) To what extent 
does each assemblage exhibit evidence for reworking, transport, 
and element loss? (3) To what extent can normal gregarious be- 
havior be inferred from these death assemblages? Taphonomic 
data support the interpretation that in each case, individuals 
died during a short-term mass-mortality event and there has been 
transport and reworking of carcasses and/or bones. Although 
it is possible that the assemblages represent normally gregarious 
groups (cf. Currie 1998), it is equally likely that the assemblages 
consist of individuals that gathered in life due to the early influ- 
ences of the event that ultimately caused their death (Eberth 
and McCrea 2002; cf. Coombs 1990a). 

Coria (1994) combined taphonomic and systematics data to 
interpret a monotaxic assemblage of five variably-sized Patago- 
saurus partial skeletons from the Jurassic of Argentina. He con- 
cluded that there was sufficient evidence to support an inter- 
pretation of herding in this taxon and a mass-kill origin for the 
assemblage. Group behavior for sauropods determined from a 
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monotaxic assemblage of bones can be extended to include the 
Late Cretaceous sauropod Alamosaurus (Fiorillo 1998c; Fiorillo 
and Montgomery 2001). 

Dinosaur miring has been proposed as a concentrating mech- 
anism for the Plateosaurus bonebeds (Norian, central Europe), 
based on the taphonomic work of Sander (1992). The interpre- 
tation is supported by the preferential occurrence of in situ (up- 
right) specimens and a preservational bias for hindlimbs and 
large (adult) individuals. 

Norman (1987a) reappraised the taphonomy and origins of 
two Iguanodon-dominated sites (Bernissart, Belgium, and Neh- 
den, Germany) and showed that a variety of taphonomic factors 
were at work. He argued that, although mass-mortality events 
had occurred at some sites, the overall assemblage at each site 
resulted from repeated occurrences of mass mortality and attri- 
tion, and was, thus, time-averaged. 

Dramatic occurrences of monotaxic or nearly monotaxic 
ceratopsian and/or hadrosaurid bonebeds are well known from 
the Upper Cretaceous rocks of western North America (Eberth et 
al. 2001b) and eastern China (Dong 1992). Detailed taphonomic 
studies, however, have so far focused on sites in North America. 
Based on the size distributions of long bones, bone modification 
patterns, tooth marks and trampling, and sedimentology, such 
studies support the idea that large groups of these animals were 
killed by catastrophic droughts or floods (Rogers 1990; Eberth 
1998; Ryan et al. 2001b) and that their carcasses were subse- 
quently scavenged by large and small theropods (Ryan et al. 
1998a). These taphonomic data also support interpretations 
of hadrosaurid nesting in coastal lowlands (Ryan et al. 1998), as 
well as previous interpretations that some of these taxa (e.g., 
Centrosaurus, Styracosaurus, Pachyrhinosaurus) formed herds dur- 
ing at least parts of the year (Currie and Dodson 1984). Further- 
more, some of these taphonomic data and interpretations have 
been used to infer patterns and causes for east-west migrations 
among some ceratopsian taxa (e.g., Centrosaurus; D. B. Brink- 
man et al. 1998). 


Multitaxic Sites 


Dinosaur assemblages and sites that consist of multiple taxa 
of dinosaurs or dinosaurs and nondinosaurs are common in 
dinosaur-bearing formations (cf. Dodson et al. 1980a, 1980b; 
Fastovsky 1987; Wood et al. 1988; Dashzeveg et al. 1995; White 
et al. 1998; Eberth et al. 2001b). Such sites—especially microfossil 
assemblages—usually attract attention because of their poten- 
tial for providing paleocommunity and paleoecological insights 
(Dodson 1987; Eberth and Brinkman 1997; Fiorillo et al. 2000), 
especially in a biostratigraphic context (Brinkman 1990; Eberth 
1990; Kaye and Padian 1994). Taphonomic studies of dinosaur- 
rich microfossil sites and assemblages focus on facies associa- 
tions and appraisals of depositional environment, stratigraphic 
distributions of these associations, and reworking histories 
(Eberth 1990; Fiorillo 1991a, 1998b; Cook 1995; Blob and Fiorillo 
1996; Fiorillo et al. 2000). 

Taphonomic studies of multitaxic sites that contain macro- 
fossils of dinosaurs (and other taxa) provide important in- 
sights into paleoenvironmental associations, death events, fossil- 
concentrating events, and ultimately, paleocommunity structure 
(Dodson 1971; Lawton 1977; Winkler et al. 1988; Fiorillo 1991a, 
1994; Hunt 1991; Varricchio 1995; Bakker 1997; White et al. 
1998; Hasiotis et al. 1999). Questions of reworking and time av- 
eraging (Dodson 1971; Lawton 1977; Winkler et al. 1988; Fiorillo 
1991a, 1994; Varricchio 1995) are often addressed in the process. 


612 DINOSAUR DISTRIBUTION AND BIOLOGY 


Sites consisting of only two taxa, or a low-diversity taxo- 
nomic assemblage assessed in the context of the host formation, 
are sometimes the basis of important hypotheses about inter- 
species interactions, and taphonomic studies can provide im- 
portant insight. For example, the so-called “fighting dinosaurs” 
from the Upper Cretaceous redbeds of Mongolia (a Velociraptor 
skeleton with its arm in the mouth of a Protoceratops skeleton) 
have been interpreted as an example of an interspecies fight 
(Kielan-Jaworowska 1975). In contrast, Jerzykiewicz et al. (1993) 
noted only that the specimens were rapidly buried sometime 
after the animals came in contact with one another, and Os- 
moOlska (1993) rejected the notion of a struggle altogether. 

Several sites in the Cloverly Formation of Montana and 
Wyoming are dominated by the remains (especially teeth) of 
the small theropod Deinonychus. Ostrom’s (1969a) description 
of Deinonychus included a brief taphonomic analysis, in which 
he concluded that the association of Deinonychus and Tenonto- 
saurus in alluvial mudrock (and 14 other similar associations in 
the Cloverly Formation) supports an interpretation that Tenonto- 
saurus was the living prey of Deinonychus. Recently, these unique 
associations have been considered and studied in more detail 
(Ostrom 1986b; Maxwell and Ostrom 1995) but have yielded sim- 
ilar conclusions. 

Among higher-diversity multitaxic assemblages, similar kinds 
of behavioral and paleocommunity interpretations are often 
supported by taphonomic data. Bakker (1997) presented tapho- 
nomic and other evidence to develop and support a hypothesis 
that adult Allosaurus used lairs to protect and feed their young. 
At these Como Bluff sites (Morrison Formation, Upper Jurassic, 
Western Interior, United States), shed teeth of Allosaurus dom- 
inate the assemblage. The Cleveland Lloyd Quarry (Morrison 
Formation, Upper Jurassic) in Utah yields thousands of elements 
from disarticulated dinosaur skeletons that are dominated by 
Allosaurus as well (80% number of identifiable specimens [NISP; 
Miller et al. 1996]). This high relative percentage of Allosaurus 
specimens has attracted considerable interest in the context of 
theropod behavior, and the site has invited an unusually large 
amount of taphonomic commentary and has been the focus of 
numerous formal taphonomic studies (Madsen 1976a; Dodson 
et al. 1980a, 1980b; Stokes 1985; Hunt 1986; Miller et al. 1996; 
Richmond and Morris 1996; Bilbey 1998; Gates et al. 2001). Al- 
though the study methods and data sets vary considerably 
among these studies and discussions, for the past 25 years, the 
site has been interpreted consistently as some form of attritional 
predator trap. It is thought that carcasses of mired individuals 
decomposed at the site and their skeletal remains became dis- 
articulated and churned by the action of swelling clays (Rich- 
mond and Morris 1996), or subsequent tramplers, movements 
of trapped animals, and spring waters (Bilbey 1999). Richmond 
and Morris (1996) used taxonomic census data to establish 
predator/prey ratios that they proposed as evidence for both 
opportunistic feeding behavior and pack-hunting tendencies 
in Allosaurus. Regardless of the origins of this site, the overall 
taphonomic mode at Cleveland Lloyd is unique in the Morrison 
Formation (see Dodson et al. 1980b; Engelmann 1999; Turner 
and Peterson 1999). 

At the Carnegie Quarry in Dinosaur National Monument, 
Utah, the most famous multitaxic bonebed in the world, tapho- 
nomic evidence was used to determine the nature of time aver- 
aging recorded at the quarry (Fiorillo 1994). This study reasoned 
that the bonebed represented time on the scale of tens of years 
and recorded ecological rather than evolutionary time. Addi- 
tional taphonomic work at this site, and several other localities 
in the Morrison Formation, showed that many dinosaur bones 


in these Morrison Formation bonebeds had bone surfaces mod- 
ified by carrion beetles (Hasiotis et al. 1999). 

Varricchio (1995) described a diverse macrofossil assemblage 
from the Upper Cretaceous, Two Medicine Formation of Mon- 
tana and used a taphonomic analysis to infer possible death- 
event mechanisms for the parautochthonous component of 
the assemblage. He concluded that death events were strongly 
correlated with proximity to water sources, and may have been 
due to drought and/or botulism. 


Site-Comparison Studies 


Comparisons of taphonomic modes and taphofacies within 
or between stratigraphic intervals and paleogeographic regions 
provide unique opportunities to assess paleoenvironmental 
and paleoecological patterns on a variety of temporal and geo- 
graphic scales. These kinds of studies often integrate geologic 
(stratigraphy, sedimentology, diagenesis, geochemistry) and 
paleontological data. In their simplest form, comparative studies 
provide an assessment of what is normal for a formation or 
stratigraphic unit. For example, Dodson (1971) described tapho- 
nomic modes in the Dinosaur Park Formation and characterized 
the persistent association of dinosaur skeletal remains and micro- 
fossil assemblages with paleochannel sediments as indicative 
of regular—not catastrophic—events (but see Currie and Dodson 
[1984], Wood et al. [1988], and Eberth [1998] for different inter- 
pretations). Likewise, Dodson et al. (1980b) and Englemann and 
Fiorillo (2000) provided a broad taphonomic assessment of the 
dinosaur-rich Morrison Formation and, thus, were able to char- 
acterize Morrison dinosaur communities. Dodson et al. (1980b) 
also used these data to underscore the uniqueness of the Cleve- 
land Lloyd Allosaurus assemblage (see above). Therrien and Fas- 
tovsky (2000) characterized the facies associations and taphon- 
omy of theropod remains in the Chinle Formation and provided 
the first quantified evidence that the Coelophysis assemblage at 
Ghost Ranch, New Mexico, represents a unique taphonomic 
occurrence. 

Differential expression of taphonomic modes within forma- 
tions also provides important data with which to assess preser- 
vational biases and paleoecological patterns. White et al. (1998) 
described the taphonomic modes of dinosaurs in the Hell Creek 
Formation of Montana and North Dakota with special reference 
to sedimentary architectural elements. The distribution of tapho- 
nomic modes was then used to assess the preservation potential 
across a range of inferred depositional environments and to 
infer aspects of life habits for some of the taxa. Horner (1984c) 
observed that in the Campanian nonmarine section in Mon- 
tana, hadrosaurid eggs and embryos are frequently found in 
caliche-rich alluvial upland settings but are rare to absent in 
coaly, caliche-poor lower coastal plain settings, and interpreted 
this to indicate that hadrosaurids migrated annually to uplands 
areas to reproduce. However, ongoing discoveries of eggshell 


and embryonic hadrosaurid remains in the lower coastal plain 
facies of southern Alberta and Montana (Horner 1999; Eberth 
et al. 2001b), as well as the recognition of the differential pres- 
ervation potential for carbonate-rich fossils in these areas, sug- 
gests that preferential chemical preservation may be as signifi- 
cant a factor as preferential site selection. In studies of 
proximal-distal trends in fossil preservation in the Late Creta- 
ceous foreland basin of Montana, Rogers (1993), Rogers and Kid- 
well (2000), and Rogers (2001) have suggested that proximal 
portions of the basin with higher net sedimentation rates fa- 
vored the preservation of dinosaur mass-death assemblages, 
whereas distal regions with lower net sedimentation rates fa- 
vored the accumulation and preservation of attritional and lag 
assemblages. In contrast, Fiorillo (1999) suggested that climate 
has played a more dominant role than differential basin subsi- 
dence and sedimentation rates in the development of large- 
scale taphonomic patterns or modes. 

Differential expression of taphonomic modes between forma- 
tions also provides powerful insight into basin-scale, regional, 
or even larger tectonic and climatic controls on fossil preserva- 
tion. Eberth (1990) and Eberth and Hamblin (1993) described 
differential taphonomic modes for dinosaurs across the Oldman 
and Dinosaur Park Formation boundary in southern Alberta and 
attributed these changes to tectonically induced changes in 
sediment supply, rates of subsidence, and slope. These differ- 
ences were then incorporated into biostratigraphic studies of 
Brinkman (1990) and D. B. Brinkman et al. (1998). Eberth et al. 
(2001a) described basin-scale taphonomic patterns in the Jung- 
gar Basin of northwestern China and attribute preservation to 
both climatic controls and high accommodation rates. 

Studies of dinosaur extinction patterns and events, espe- 
cially relating to the terminal Cretaceous dinosaur extinction, 
rely heavily on taphonomic analyses. For example, Sheehan et 
al. (1991) identified taphonomic modes for thousands of dino- 
saur fossils in the Hell Creek Formation of Montana and North 
Dakota and assembled a three-parameter database that linked 
dinosaur taxonomic identifications (family level), stratigraphic 
position, and interpreted paleoenvironment association. Statis- 
tical analyses of their data support an interpretation of sudden 
extinction rather than a gradual decline in diversity. 

Comparative taphonomic studies now include comparative 
geochemistry studies. For example, by comparing the rare earth 
element signatures in dinosaur fossils within and between sites 
and between formations, Trueman (1999) has demonstrated that 
it is possible to assess the degree of mixing and reworking (and 
thus space and time averaging) in some dinosaur assemblages 
from the Campanian sediments of Montana and Alberta. This 
approach also provides insight into the basic variations in the 
kinds of depositional settings where bones become fossilized 
(e.g., in-channel versus overbank, nonmarine versus estuarine 
or marine). Thus, these techniques offer a powerful new means 
of testing hypotheses that assume or infer that the site of fos- 
silization and site of discovery are the same. 
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In fact, little is known about the paleoecology of dinosaurs. We 
have their bones, and behavioral inferences can be made on the 
basis of functional morphology. Separations into crude cate- 
gories like herbivore and carnivore are generally feasible and re- 
liable and, within Dinosauria at least, such behavioral categories 
generally (but not exclusively) follow phylogenetic lines. The 
bones of particular dinosaurs are commonly found in associa- 
tion with the bones of other vertebrates (including other dino- 
saurs), and careful taphonomic detective work can, on occasion, 
turn an assemblage into a fauna. As has been noted for many 
years by Lockley (e.g., 1997; see also Gillette and Lockley 1989), 
dinosaur tracks and trackways hold some of the best potential 
for understanding dinosaur paleoecology, particularly in terms 
of the recognition of dinosaur communities. A variety of indi- 
cators, such as stomach contents, coprolites, and tooth marks, 
can—when preserved—provide clues to dinosaur paleoecology. 
Dinosaurs interacted with many groups of nondinosaurs, such 
as insects and bacteria (to name but two), and these groups can 
leave traces in the effects of their fellow travelers. Finally, rare 
paleoecological insights can be obtained when dinosaurs are 
preserved together, frozen, as it were, in a particular behavior. 
The most famous and unambiguous example of this is the so- 
called “fighting dinosaurs” specimen from Mongolia (Kielan- 
Jaworowska and Barsbold 1972), a Velociraptor and Protoceratops 
literally at each other’s throats (the right forearm of Velociraptor 
is held in the beak of Protoceratops). A reasonable interpretation 
is that these two organisms were antagonists in life (predator 
and prey, respectively; see Chin 1997), and were fortuitously 
(for paleontologists, not the dinosaurs!) overcome during cata- 
strophic environmental conditions (e.g., Jerzykiewicz et al. 1993; 
Fastovsky et al. 1997). 

It would be tragic, however, if our understanding of dinosaur 
paleoecology relied exclusively on such unique specimens. And 
indeed, most paleoecological interpretations are more circum- 
stantial. For example, Tyrannosaurus has historically been paired 
off with Triceratops, because the former was a large carnivore, 
and the latter was a large, coexisting herbivore. That Tyranno- 
saurus might have been a meat-eating scavenger, and that cera- 
topsians might have used their horns primarily for intraspecific 
competition (see Farlow and Dodson 1975; Dodson 1996) com- 
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plicates the picture and undermines the simple predator-prey 
interpretation. 

The unspoken model that is always used, reasonably enough, 
is the extant mammal model. It is assumed that large terrestrial 
vertebrates of the Mesozoic (dinosaurs) must have behaved like 
terrestrial vertebrates of today (mammals). This means, in ef- 
fect, that it is commonly supposed that dinosaur predators ate 
dinosaur prey (e.g., Bakker 1975a). Modern carnivorous mam- 
mals, of course, do not necessarily eat noncarnivorous mammals 
and, undoubtedly, all carnivorous dinosaurs did not necessarily 
exclusively dine on herbivorous dinosaurs. An assemblage of 
herbivorous and carnivorous dinosaurs does not perforce trans- 
late into a fauna of prey and predators. We will return to this 
problem when we discuss potential trophic relationships among 
dinosaurs. In short, therefore, what we can reasonably infer 
about the paleoecology of dinosaurs is based on a restricted, 
largely circumstantial database. 


Herbivory 


Herbivory in Dinosaurs 


Most dinosaurs were herbivorous. This is reflected in their 
abundance as well as in their diversity: all of the major groups 
of dinosaurs except theropods were herbivores. Even among 
theropods, there are numerous herbivorous birds and some po- 
tentially herbivorous nonavian theropods (ornithomimosaurs, 
therizinosauroids) as well (White et al. 1998; Kobayashi et al. 
1999). 

Herbivorous dinosaurs sported a variety of adaptations to 
sustain their herbivorous habits, many of which find no mod- 
ern analog. Remarkably, however, adaptations do exist in dino- 
saurs for which inexact modern analogs in other groups can be 
found. The most obvious of these is chewing, a behavior that is 
characteristic of mammals and yet is found in many lineages 
of ornithischian dinosaurs (e.g., Norman and Weishampel 
1985; Fastovsky and Weishampel 1996; Fastovsky 2000). But not 
all dinosaurs chewed, and a variety of other adaptations also 
graced herbivorous dinosaurs, many of which are treated in the 


taxonomic chapters of this volume. Table 26.1 briefly summa- 
rizes the herbivorous adaptations of dinosaurs. 


Plants 


Plants are the source of primary production in terrestrial eco- 
systems and are, in morphology and behavior, no less diverse 
than vertebrates. Understanding their relationships with the 
dinosaurs that depended on them, therefore, requires a cursory 
overview of the highlights of Mesozoic paleobotany. Readers 
are referred to Tiffney (1989, 1992, 1997) and Wing and Tiffney 
(1987) for more detailed and authoritative discussions. 

Tiffney (1992, 1997) presents a cladogram of plant groups of 
significance during the Mesozoic (reproduced here as fig. 26.1). 
In it, two large groupings are identified: “pteridophytes” and 
“gymnosperms” + angiosperms. “Pteridophytes” is a para- 
phyletic group consisting of ferns, lycopods, and sphenopsids, 
all low-growing, primitive vascular plants (with the exception 
of tree ferns and a bushy Triassic lycopod). Because, as noted 
by Tiffney (1992, 1997), “pteridophytes” generally possess an 
underground rhizome, the surface expression for a single or- 
ganism might be a series of apparently isolated low plants that 
are connected underground. Thus, dinosaurs (or any herbivore) 
grazing above ground could repeatedly gnaw such plants down 
without actually killing the individual organism. 

“Gymnosperms” + angiosperms, in contrast to “pterido- 
phytes,” are considered to form a monophyletic group. This 
clade is united by the possession of a seed—a kind of self- 
sufficient pod for gamete dissemination. The best known “gymno- 
sperms” include conifers (pines, cypress and bald cypress, and 
podocarps) and cycadophytes (a broad group of plants generally 
possessing barrel-like trunks, out of the tops of which sprout a 
bouquet of leaves); however, there is a host of lesser known 
plants, including seed ferns, gnetophytes (once diverse; now 
represented by the modern-day Ephedra), and gingkos, also 
encompassed within “gymnosperms.” 

“Gymnosperms” then as now were individual plants (un- 
connected in the manner of pteridophytes). Some Mesozoic 
“gymnosperms” reached immense sizes: trees as tall as 60 m are 
known from the Upper Triassic Chinle Formation in the Petri- 
fied Forest in Arizona. The abundance of such trees there and 
elsewhere, as well as the imprint left in the fossil soils, indicates 
that these organisms were able to develop complex forested 
ecosystems. As a group, “gymnosperms” are too diverse to char- 
acterize as slow- or fast-growing, small or large, but all are gen- 
erally possessed of tough, indigestible flesh. Clearly, however, 
dinosaurs (and other herbivores) must have eaten them, since 
Cowen (2000) estimates that “gymnosperms” comprised 60% 
of Triassic vegetation and 80% of Jurassic vegetation (see also 
fig. 26.1). Tiffney (1992, 1997) notes, however, that in general, 
animals eating them must have required a large volume of plant 
matter for survival, because digestion-resistant foliage combined 
with a generally high content of resins and other chemicals 
would have made these plants—kilogram for kilogram—not ter- 
ribly nutritious. 

All of this is in contrast with the angiosperms, the clade of 
flower-bearing plants that encloses its seeds within a fruit. Angio- 
sperms apparently originated in the beginning of the Cretaceous 
(Swisher et al. 1999; Wang et al. 1999a, 1999b; contra Sun et al. 
1998) and rapidly diversified during the mid-Cretaceous, so that 
by the end of the Cretaceous, they constituted some 40%-60% 
of all plant diversity (Lidgard and Crane 1988). Their success is 


generally attributed to (1) their ability to disseminate their seeds 
and pollen effectively, (2) the early angiosperms’ growth rates 
being generally faster than those of “gymnosperms,” and (3) their 
ability to colonize disturbed environments (Wing and Tiffney 
1987; Wing 2000). The rise of angiosperms was so precipitous 
that Bakker (1986) claimed that dinosaur overgrazing of “gymno- 
sperms” led to the radiation of angiosperms (see below). 

Although “pteridophytes,” and “gymnosperms” probably 
resisted predation by a host of chemical and physical strategies, 
angiosperms apparently invited predation. In the case of “gym- 
nosperms,” wind may have been an effective agent for the dis- 
tribution of pollen. Insect vectors are likewise thought to have 
disseminated “gymnosperm” seeds and pollen. Angiosperms, 
however, made an art form of the process, devoting plant re- 
sources to the development of fruits and flowers that were (and 
are) attractive to herbivores. The intent—as distinct from the dis- 
semination strategies of “pteridophytes” and “gymnosperms”— 
was that key parts of the plant should attract, other parts should 
disengage, and some parts should even be eaten. Thus the story 
of angiosperm evolution is actually the story of angiosperms 
coevolving with herbivores (with insects, potentially with dino- 
saurs, and later, certainly, with mammals; see Wing and Tiffney 
[1987]). 

Figure 26.2 provides at least a rough outline of the succession 
of major Mesozoic plant groups discussed above. A broad-brush 
pattern is clear: the Triassic was characterized by high floral di- 
versity at high taxonomic levels. By the Jurassic, much of this 
diversity had been ceded to “gymnosperms,” which make up 
a large part of the floral mix, at the expense of “pteridophyte” 
floras. This trend toward decreasing higher taxonomic diversity 
becomes even more pronounced during the Cretaceous (and 
on into the Cenozoic), when, although a new group appears 
(angiosperms), the older “pteridophyte” and “gymnosperm” di- 
versity (cycadophytes and seed ferns) is squeezed out of the pic- 
ture by the emerging angiosperms and already-present conifers. 


Paleoecology of Herbivory 


Given the large-scale patterns of plant evolution described above, 
can we recognize in herbivorous dinosaurs any sort of response 
to, or coevolution with, plants? The assumption is that such a 
response, if it exists, may reflect an interdependence between 
plants and dinosaurs, and thus circumstantially suggests a paleo- 
ecological relationship between the two. 

In a gross way, we can begin to address the question for or- 
ganisms other than dinosaurs: the signal of the rise of angio- 
sperms, at least, is obtainable from the rapid rise of coevolving 
organisms, such as bees, ants, termites, and wasps (Labandiera 
and Sepkoski 1993). The assumption is that the coeval rise of 
angiosperms and social insects was not purely fortuitous; many 
authors for many years have claimed that a link exists (e.g., 
Cowen 2000). What about dinosaurs? 

An attempt to outline coevolution between dinosaurs and 
plants was undertaken by Bakker (1986). He recognized three 
different plant-dinosaur dynasties: 


1. The age of anchisaurs: the Late Triassic and earliest 
Jurassic, when the long-necked anchisaurs ruled. 
Anchisaurs were primitive, crude plant eaters by 
Cretaceous standards. They only had simple iguana- 
like teeth, suitable for soft leaves only, and their 
digestive system was not much expanded. 
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TABLE 26.1 


Selected Food Procurement and Processing Adaptations among Key Herbivorous Dinosaur Groups 


Taxon Adaptation Interpretation Key References 
Prosauropoda Laterally compressed, semiconical High browsing (1-3 m) Galton (1985e, 1986a, 1990a); 
teeth; undifferentiated Primary food processing in gut; Crompton and Attridge (1986); 
Consistent tooth wear (-) grinding with gastroliths; Weishampel and Norman (1989) 
Gastroliths (+) presumed bacterial/enzymatic 
Low coronoid process digestion 
Large gut capacity 
Sauropoda Teeth spatulate or peglike when Very high browsing (8-10 m) Bakker (1986); Galton (1986a); 
present; tendency toward loss of Vegetation cropped Stokes (1987); Weishampel and 
dentition distally Manipulation by muscular Norman (1989); Dodson (1990a) 
Crude occlusion? trunk or proboscis? 
Gastroliths (+) Little or no mastication 
Low coronoid process Primary food processing in gut; 
Nostril large and/or migrated grinding with gastroliths; 
caudodorsally on skull presumed bacterial/enzymatic 
Large gut capacity digestion 
Theropoda: Mouth edentulate Low-intermediate browsing Barsbold and Osm6lska (1990) 
ornithomimids Beak present (~1-3 m, depending on size 
Low coronoid process of dinosaur) 
Gastroliths (+) Primary food processing in gut; 
grinding with gastroliths; 
presumed bacterial/enzymatic 
digestion 
Theropoda: Teeth small, isodont, spatulate; Low-intermediate browsing Paul (1984a); Barsbold and 
segnosaurs absent in most rostral region of jaw (~1-3 m, depending on size Maryanska (1990); Russell 
Terminal beak of dinosaur) and Russell (1993) 
Large clawed hands Primary food processing in gut; 
Moderately large gut region; pubes probable grinding with 
rotated caudally gastroliths; presumed 
bacterial/enzymatic digestion 
Ankylosauria Teeth small, spatulate, and pointed Low browsing (<1 m) Coombs (1978b); Weishampel 
Tooth row inset, suggesting cheeks Cropping of vegetation with and Norman (1989); Coombs 
Beak (+); rostrum of mouth edentulous beak and Maryanska (1990) 
Secondary palate Chewing limited to puncturing 
Extremely capacious gut Primary food processing in gut 
grinding with gastroliths; 
presumed bacterial and 
enzymatic digestion 
Large gut suggests digestion via 
bacterial degradation and 
potentially fermentation 
Stegosauria Teeth small, spatulate, and pointed Low browsing (1 m); higher Bakker (1986); Weishampel and 
Tooth row inset, suggesting cheeks levels proposed (e.g., Bakker Norman (1989); Galton (1990b) 
Beak (+); rostrum edentulous 1986) 
Capacious gut Cropping of vegetation with 
beak 
Chewing limited to puncturing 
Primary food processing in gut; 
grinding with gastroliths; 
presumed bacterial/enzymatic 
digestion 
Pachycephalosauria Teeth small, spatulate, and pointed Low-intermediate browsing Maryaniska and Osmolska (1974); 


Tooth row inset suggesting cheeks 
Beak (+); rostrum edentulous 
Low coronoid process 


(~1-2 m); higher levels possible 
for larger genera 

Cropping of vegetation with 
beak 

Chewing limited to puncturing 

Primary food processing in gut; 
grinding with gastroliths; 
presumed bacterial/enzymatic 
digestion 


Weishampel and Norman 
(1989); Maryariska (1990) 


TABLE 26.1 (CONTINUED) 


Taxon Adaptation Interpretation Key References 
Ceratopsia Teeth small, arranged in interlocking Low-intermediate browsing Ostrom (1964a, 1966); Dodson 
shearing mass (~1-2 m) and Currie (1990); Sereno 
Occlusion between upper and lower Cropping of vegetation with (1990b); Dodson (1996, 1997) 
dentition; extensive wear facets beak 
Wear facets 60° (psittacosaurids) to Extensive chewing: orthal and 
near vertical (neoceratopsians) slicing/grinding 
Tooth row inset suggesting cheeks Gastroliths probable; large gut 
Beak (+); rostrum of mouth edentulous suggests digestion via bacterial 
Diastema between beak and dental degradation and potentially 
batteries fermentation 
Robust coronoid process 
Capacious gut 
Ornithopoda: Tightly packed robust cheek teeth 
Heterodontosauridae Wear facets ~45° Low browsing (~1 m) Norman and Weishampel (1985, 
Tooth row inset, suggesting cheeks Cropping of vegetation with 1987); Weishampel and Norman 
Beak (+); rostrum edentulous beak (1989); Weishampel and Witmer 
Diastema between beak and dental Chewing: grinding (1990b) 
batteries Primary food processing in gut; 
Moderate coronoid process grinding with gastroliths; 
presumed bacterial and 
enzymatic digestion 
Ornithopoda: Tightly packed robust cheek teeth Low-intermediate browsing Norman and Weishampel (1985, 
non-hadrosaurid Wear facets ~45° (~1-3 m, depending on size 1987, 1990); Weishampel and 
Euornithopoda Tooth row inset, suggesting cheeks of dinosaur) Norman (1989); Sues and 
Beak (+); rostrum edentulous Cropping of vegetation with Norman (1990) 
Diastema between beak and dental beak 
batteries Chewing: low-grade shearing 
Large coronoid process and grinding 
Pleurokinetic skull Gastroliths probable; primary 
food processing in gut; 
presumed bacterial/enzymatic 
digestion 
Pleurokinesis 
Ornithopoda: Teeth small, arranged in Low-intermediate browsing Norman and Weishampel (1985, 
Hadrosauridae interlocking shearing mass (~1-4 m) 1987); Weishampel and Horner 
Wear facets ~45° Cropping of vegetation with (1990) 
Tooth row inset, suggesting cheeks beak 


Beak (+); rostrum edentulous 

Diastema between beak and dental 
batteries 

Large coronoid process 

Pleurokinetic skull 


Chewing: shearing and grinding 

Gastroliths probable; primary 
food processing in gut; 
presumed bacterial/enzymatic 
digestion 

Pleurokinesis 


2. The age of high browsers (stegosaurs and brontosaurs): 
the Middle and Late Jurassic, when the spike-tailed 
stegosaurs joined the gigantic Diplodocus, Brachiosaurus, 
and Brontosaurus |= Apatosaurus]. 


3. The age of low browsers: the Cretaceous, when all 
terrestrial habitats were overrun by large-beaked 
dinosaurs that fed close to the ground. Each clade of 
large-beaked dinosaurs had its own unique approach to 
cropping the foliage, so each must have had a distinctive 
impact on the coevolutionary history of plants (Bakker 
1986:185). 


Although there may be legitimate coevolution recognized 
in this view, it is strongly biased toward large North American 
dinosaurs. It does not account for Late Triassic and Early Jurassic 


ornithischians, such as Lesothosaurus and heterodontosaurids, 
the latter having well-developed herbivorous specializations 
(such as well-developed cheek teeth, a coronoid process, rostral 
cropping beaks, and inset tooth rows); nor does it account for 
the global longevity and ubiquity of sauropods. It does, how- 
ever, account for the well-known, increased Cretaceous diversity 
of Ornithischia (see fig. 26.2). 


Dinosaur Herbivory through Time 
LATE TRIASSIC-EARLY JURASSIC 


During the Late Triassic, one cannot ignore the approximately 
coincident rise of conifers and the appearance of prosauropods, 
large-bodied dinosaurs potentially capable of reaching higher 
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FIGURE 26.1. Cladogram indicating the 
phylogenetic relationships of the major 
groups of vascular land plants. The large gray 
circles indicate the two paraphyletic groups, 
“pteridophytes” and “gymnosperms” 
discussed in the text. (Redrawn from 

Tiffney 1997.) 


than any herbivore that had preceded them. Fastovsky (2000) 
claimed that these were the first terrestrial vertebrates capable of 
taking advantage of the radiation of “gymnosperms.” Bakker 
(1978), however, suggested that prosauropods were low browsers; 
if so, then Fastovsky (2000) had it backward: grazing by larger 
bodied herbivorous dinosaurs might have fueled an increase in 
the heights of certain “gymnosperms” (e.g., conifers). The age of 
dinosaurs began on a paleoecologically ambiguous note. 

Sauropods and prosauropods, the only large-bodied herbiv- 
orous dinosaurs of this time interval, did not have sophisticated 
means of processing food orally. Vegetation would have been 
simply cropped, ground minimally in the mouth, and then sent 
caudally for digestion (gut processing sensu Weishampel and 
Norman [1989]; table 26.1, fig. 26.2). It was among small-bodied 
Late Triassic ornithopods that the really specialized innovation 
of chewing (transverse grinding sensu Weishampel and Norman 
1989) must have been invented. 


MIDDLE JURASSIC 


The terrestrial Middle Jurassic remains an enigmatic time due to 
a paucity of deposits of that age (Fastovsky 1989); however, it can 
be inferred that most of the major dinosaur groups that occur in 
the dinosaur-rich Late Jurassic find their roots during the Middle 
Jurassic (Fastovsky 1995). Conifers dominated the biota during 
the Middle Jurassic, and likely, a kind of tiering developed dur- 
ing this time, in which such high-browsers as sauropods domi- 
nated the upper vegetation while such lower browsers as small 
ornithopods consumed the lower vegetation. 

The concept of tiering deserves some attention. Circum- 
stantial evidence suggests that, as the Mesozoic progressed, the 
plant biota was partitioned among herbivorous dinosaurs by 
height. Thus, during the Late Triassic through the Early Jurassic, 
prosauropods and early sauropods presumably ate the medium- 
to-high vegetation, with primitive ornithopods consuming the 
lower vegetation. The medium-to-high vegetation would have 
been primarily conifers; however, “pteridophyte” flora, as well as 
low conifers, might have been available to low-browsing, small- 
bodied ornithopods. Sauropods are commonly portrayed as high 
browsers. 

This traditional idea of phylogenetically partitioned herbi- 
vore tiering, however, has recently been challenged via several 
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lines of evidence. Taggart and Cross (1997) contrast the semi- 
edentulous diplodocids with the robust spatulate teeth in such 
sauropods as camarasaurids and brachiosaurids. Their conclu- 
sion is that diplodocids were low browsers, based on the pre- 
sumed inability of the diplodocid dentition to handle tough, 
high-crowned conifer material. Thus, the striking difference 
between diplodocid dentitions and those of other sauropods may 
have been attributable to diet, or behavior, or both. Likewise, 
basing their interpretations on the morphology of the cervical 
vertebrae in Diplodocus and Apatosaurus, Stevens and Parrish 
(1999) concluded that the heads of these sauropods could not be 
lifted high. Moreover, theoretical blood-pressure considerations 
led Seymour and Lillywhite (2000) to conclude that sauropod 
heads were unlikely to have been held high. Thus, whereas dino- 
saurs may indeed have partitioned vegetation by height, itis not 
necessarily obvious who ate at which level. 

The Middle Jurassic, however, was a key time in the evolution 
of dinosaur herbivory, for it was during this time that a number 
of groups of ornithischian herbivores must have arisen, includ- 
ing stegosaurs, ankylosaurs, and some ornithopods. In all of these 
groups, muscular cheeks were used to keep food in the mouth, 
suggesting at least a primitive level of oral processing. Ankylo- 
saurs and stegosaurs have small, primitive ornithischian teeth 
with little occlusion or well-developed shearing surfaces, lead- 
ing Weishampel and Norman (1989) to characterize their chew- 
ing mode as orthal pulping. Post-Triassic ornithopods, how- 
ever, developed mobility in the upper jaw, called “pleurokinesis” 
(Norman 1984b; Weishampel 1984a). This adaptation was asso- 
ciated with a block of grinding teeth that sheared past a similar 
block on the lower jaw (transverse grinding in combination with 
pleurokinesis), suggesting that considerable processing of food 
took place in the mouth of these organisms. All of these chew- 
ing methods may have been used in combination with gut trit- 
uration and digestion (Farlow 1987a; table 26.1, fig. 26.2). 


LATE JURASSIC 


The innovations in dinosaur herbivory pioneered in the Middle 
Jurassic reached full flower, as it were, by the Late Jurassic, dur- 
ing which time, according to an objective reading of the record, 
dinosaurs reached their maximum diversity up to that point 
(Weishampel 1990b; Weishampel et al., this vol.). During this 
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FIGURE 26.2. Chart comparing fluxes in global floras and dinosaur diversity from the Late Triassic 
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from Tiffney 1997; upper part redrawn from Weishampel and Norman 1989.) 


time interval, too, conifers were the most abundant floral com- 
ponent (Tiffney 1997; fig. 26.2). A circumstantial conclusion is 
that the rise of conifers and the invention by dinosaurs of the 
means of extracting nutrients from them fueled the Middle- 
Late Jurassic dinosaur radiation. 


CRETACEOUS 


Dinosaur diversity apparently dropped between the Late Juras- 
sic and Early Cretaceous (Weishampel and Norman 1989; Wei- 
shampel 1990b; Weishampel et al., this vol.), leveled out or 
dropped through most of the Cretaceous, and then rose strik- 
ingly during the last two stages of the Late Cretaceous (Cam- 
panian and Maastrichtian; Weishampel and Norman 1989). The 
lack of mid-Cretaceous dinosaur faunas is generally reckoned 
to be preservational (Fastovsky 1989; Weishampel and Norman 
1989; Weishampel 1990b; Weishampel et al., this vol.), and it 
can be stated with some assurance that the mid-Cretaceous wit- 


nessed neither a large-scale drop in dinosaur diversity nor a 
large-scale rise (Dodson 1990b). 

The Campanian and Maastrichtian, however, were charac- 
terized by high rates of dinosaur speciation and extinction (Wei- 
shampel and Norman 1989). Moreover, several new groups of 
dinosaurs appeared: ceratopsians, pachycephalosaurs, and hadro- 
saurids (orthal slicing, orthal pulping, and transverse grinding 
plus pleurokinesis, respectively; table 26.1; fig. 26.2). In all of 
these clades, as well as previously existing groups (e.g., ankylo- 
saurs), the last two stages of the Cretaceous were a time of sig- 
nificant evolutionary bursts (see also Dodson 1990b). Wing and 
Tiffney (1987), Weishampel and Norman (1989), Wing and Sues 
(1992), and Taggart and Cross (1997) all highlight the rise in 
angiosperm diversity and the coincident evolution of advanced 
dinosaur food-processing mechanisms. 

These advanced food-processing mechanisms (see table 26.1) 
appear strikingly well-suited for plant mastication. Hadro- 
saurids developed the single masses of shearing teeth (the 
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dental batteries) located on each jaw above and beyond pleuro- 
kinesis. These presage in function and even form the blocks of 
tightly apposed, hypsodont cheek teeth found in large herbivo- 
rous mammals (Fastovsky 2000), yet a seven-link kinetic mech- 
anism (Weishampel and Horner 1990) distributed within the 
skull and mandible suggests that grinding was potentially more 
efficient than that found in modern Mammalia. Ceratopsians 
developed an enigmatic masticatory system (Dodson 1996) that, 
although lacking pleurokinesis, involves dental batteries in the 
jaws shearing past each other. However, in spite of the mastica- 
tory efficiency of their ornithopod conspecifics, pachycephalo- 
saurs retained primitive ornithischian-grade food processing 
capabilities, leading to the inference that they, too, were orthal 
pulpers. 

Two groups of enigmatic, potentially herbivorous saurischians 
also radiated during the Late Cretaceous. One, ornithomimo- 
saurs, consists of well-known, gracile, cursorial bipeds (Barsbold 
and Osmolska 1990); the other, therizinosauroids (Barsbold and 
Maryanska 1990; Clark et al. 1994b), is made up of enigmatic 
animals whose affinities, until recently, were in doubt. 

Ornithomimosaur skulls are lightly built and generally eden- 
tulous. Most workers believe that these animals had beaks of one 
sort or another; however, the shapes of the skulls vary in these 
forms, and it is reasonable to suppose that the shapes of the 
beaks varied as well. White et al. (1998) sustained the view of 
Nicholls and Russell (1985; contra Russell 1972; Barsbold and 
Osmolska 1990) that ornithomimosaurs might be herbivorous, 
basing their view on the high proportion of ornithomimosaurs 
present in a Hell Creek assemblage. Kobayashi et al. (1999) used 
the presence of gastroliths in the thoracic region of these dino- 
saurs to infer herbivory. If ornithomimosaurs were herbivorous, 
they constitute another group of herbivorous dinosaurs that 
arose in the Late Cretaceous. 

Most authors agree that the highly enigmatic, Late Creta- 
ceous therizinosauroids were almost certainly herbivorous 
(Paul 1984a; Barsbold and Maryanska 1990; Russell and Russell 
1993). Russell and Russell (1993) envisioned these large dinosaurs 
sitting, using their large, clawed hands to push foliage toward 
their beaks. 

All of these dinosaur appearances track the early phases to 
some degree (but not the earliest; see Lidgard and Crane [1988] 
and Tiffney [1997]) in the radiation of angiosperms. Weisham- 
pel and Norman (1989) identified the mid-Late Cretaceous as 
a hot-spot time in evolution, during which the angiosperm rise 
and “gymnosperm” decline correspond with radiations within 
Ornithischia, particularly Ornithopoda. 

It is reasonable to assume that, generally, the kind of ecolog- 
ical tiering described above for the Jurassic could have occurred 
in the Cretaceous as well. A distinctive exception, however, is the 
northern part of the North American Upper Cretaceous (e.g., 
Judith River, Hell Creek, Lance, Horseshoe Canyon, St. Mary 
River, and Dinosaur Park formations; Lehman 1987) where sauro- 
pods are unknown. In these formations, dinosaur diversity is 
largely sustained by highly evolved, chewing, low- to mid-level 
browsers (e.g., ceratopsians, hadrosaurids), whereas low-level 
browsing would have been available to most herbivorous dino- 
saurs. Although a potential interpretation of these data is that 
the flora in this region may have been dominated by low- and 
medium-level plants, megafloral data suggest the existence of 
tall trees in well-forested settings (Johnson 1997, 1999). 

In the Late Cretaceous, Wing and Tiffney (1987) recognized 
a general pattern of reciprocal interaction between dinosaurs and 
angiosperms. In their view, the mid- to early Late Cretaceous 
was characterized by a nondiverse fauna of small and a diverse 
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fauna of large herbivores, and r-selected angiosperms. By the 
Campanian-Maastrichtian interval, they argue, r-selected angio- 
sperms supported a radiation of small herbivores (e.g., spheno- 
dontids, multituberculates; the latter of which, presumably, 
needed highly nutritive sustenance to support increased meta- 
bolic rates), and K-selected angiosperms became more widespread, 
presumably providing food for the increased diversity of large 
herbivorous dinosaurs that characterized the latest Cretaceous. 


Other Clues to the Paleoecology of Herbivorous Dinosaurs 


Wing and Tiffney (1987) argue that throughout the Cretaceous, 
herbivorous dinosaurs were generalists. However, other than 
via size, it would be impossible to identify specific dinosaurian 
plant preferences based simply on the patterns of evolutionary 
radiations. Tiffney (1992, 1997) speculated that predation on 
whole plants characterized Mesozoic herbivory, whereas Coe 
et al. (1997) hypothesized that basal euornithopods (i.e., “hyp- 
silophodontids”), at least, may have been selective feeders. 

More direct but less sweeping evidence is found from a vari- 
ety of unique rarities of preservation. Krausel (1922) reported 
that the so-called Edmontosaurus mummy collected by Charles 
Sternberg contained needles and twig fragments of a conifer, a 
conclusion that was later disputed by Abel (1922). Taggart and 
Cross (1997), reporting this, noted that since the flora of the 
Lance Formation was primarily angiosperms, this hadrosaurid 
would have had to actively select coniferous plants. Stomach 
contents were also reported from Corythosaurus, and attributed 
to conifers (Muhammed [1985], reported in Taggart and Cross 
[1997]). Currie et al. (1995) proposed that conifers found associ- 
ated with other hadrosaurid specimens might represent stomach 
contents. 

Chin (1997) and Chin and Gill (1996) report moderate-sized, 
equidimensional blocky Cretaceous coprolites that contain sig- 
nificant amounts of conifer stem fragments. These were all the 
more interesting for containing burrows referred to dung beetles. 
The large coprolite masses must be attributable to large herbiv- 
orous dinosaurs—in this case, either hadrosaurids or ceratop- 
sians. Hill (1976) reports an aggregate of pellets containing 
plant cuticles from the Middle Jurassic of England. These could 
be attributable to herbivorous dinosaurs as well, although be- 
cause they are pelleted, their provenance is less demonstrable. 


Carnivory 


Dinosaur carnivory is the really compelling stuff for most dino- 
saur enthusiasts (preschoolers to professional paleontologists; 
see Glut and Brett-Surman 1997; Lucas 2000); however, specify- 
ing the precise nature of dinosaur carnivorous interactions 
turns out to be difficult. Carnivorous dinosaurs are as much as 
two orders of magnitude less common than their herbivorous 
counterparts, as calculated both in outcrops and from museum 
collections (Bakker 1975a, 1980; Farlow 1993; Currie 1997a; 
White et al. 1998) and thus, in proportion, at least, carnivorous 
dinosaurs fall within the realm of what one might expect when 
reconstructing relationships between predators and their pre- 
sumed chosen prey. 

Regardless, defining behavior at a level more refined that of 
carnivore turns out to be difficult (e.g., Farlow et al. 1991; Abler 
1992). Ultimately, as for herbivory, the paleoecology of car- 
nivory must be recognized by circumstantial evidence, most of 
it significantly rarer than that based on Mesozoic plants. 


TABLE 26.2 


Theropod Morphotypes and Associated Inferred Carnivorous Behaviors 


Morphotype Description Archetype Inferred Behavior 

I Extremely large size (210 m); tendencies Tyrannosaurus Uncertain; active predator 
toward large skulls; short forelimbs; Tarbosaurus (Bakker 1986; Paul 1988a; 
reduced digits on manus Carcharodontosaurus Larson 1994, 1997); scavenger 

Giganotosaurus (Horner 1994) 
Allosaurus 
Albertosaurus 

I Moderately large size (3-8 m); tendencies Dilophosaurus Active large predator (Bakker 

as above Ceratosaurus 1986, 1997; Paul 1988a; 
Carnotaurus Currie, 1997a) 

ll Size 2-6 m; large skulls; long arms; large Deinonychus Active cursorial predators; 
hands with three well-developed clawed Troodon possibly pack hunters 
fingers; gracile morphology with rigid Velociraptor (Ostrom 1969a; Currie 1997a) 
tails; foot with digit II enlarged, and Utahraptor(?) 
scythelike ungual phalanx raised above 
ground 

IV Size 2-6 m; small skulls, tendency toward Coelophysis Active cursorial predators; 
long forelimbs with small-large three- Compsognathus gregarious? Insectivorous? 
fingered hands; hindlimbs primitively Syntarsus 
short (compared with Morphotype III) 

Vv Size 2-6 m; edentulous, highly pneumatic Oviraptor Active cursorial predators— 
skulls; postcranial morphology similar Ingenia but of what? (Barsbold et al. 


to Morphotype III, exclusive of scythelike 
phalanx 


1990; Currie 1997a) 


Note: Morphotypes are numbered to avoid confusion with phylogenetically meaningful taxa. 


Carnivorous Dinosaurs and the Morphology of Carnivory 


Carnivory among dinosaurs was apparently restricted to Thero- 
poda. Within theropods, five broadly defined body designs stand 
out as theropod morphotypes, irrespective of phylogenetic rela- 
tionship; these are presented in table 26.2. If body design is any 
indicator of behavior, then we may be able to recognize particu- 
lar behavioral suites cutting across phylogenetic affinities, that 
is, behavioral convergences. Obviously, this kind of analysis is 
crude and would not allow for the recognition of interesting or 
unique behaviors of particular species. Yet, the approach does 
have an analogy within Mammalia. For example the behavior 
of the varieties of saber-toothed carnivores that existed through- 
out the Cenozoic have been analogized, based on the possession 
of saber teeth. 


MORPHOTYPE | 


These extremely large carnivorous dinosaurs have no living 
analogs from which behavioral or ecological inferences might 
be drawn. This is particularly unfortunate, because extremely 
large theropods encompass a gamut of morphologies that essen- 
tially undermines our ability to typecast them into particular 
behavioral categories. 

Because of the unabashed awe Morphotype I theropods en- 
gender, they themselves have fallen prey to the breathless, lurid 
pens of paleontologists: 


Wild with fear, the Trachodon hurries toward the water. But 
its fat, hulking body can only move slowly. In two leaps, the 
King of Tyrants lands on its back. The giant’s head seems to 
split apart as the great mouth opens and clamps shut on the 
Duckbill’s neck. The dagger-like teeth crunch through 
bones and flesh like shears cutting paper. There is a frantic 
thrashing for a time as the colossal beasts roll in the slippery 


muck. Then the Trachodon lies still. Its head hangs loosely, 
almost severed from the neck by six-inch teeth. ... Fora 
few moments the Tyrant King gazes into the dark reaches 
of the jungle... then it settles to the feast. Huge chunks 

of warm flesh slide down the cave-like throat. (Andrews 
1954:64-67) 


The T: rex is a monster of ten tonnes, her frightful face 
adorned with hornlets and scales and a red stripe before the 
eyes. ... Suddenly she and her consorts launch themselves 
into a horse-speed run, panicking the rhino-like elephant- 
sized Triceratops into a galloping stampede that exposes 
their vulnerable rear ends to attack. .. . The tyrannosautr’s 
5-foot jaws and 7-inch teeth rip open a gaping hole in the 
herbivore’s belly spilling some of its moist guts onto the 
dusty ground. (Paul 1988a:27) 


Both of these views—although rooted in diametrically op- 
posed ideas about dinosaur physiology—portray Morphotype I 
theropods as active predators. Arguments for this have been 
strongly presented by Bakker (1986, 1997), Paul (1988a), Larson 
(1994, 1997), and Currie (1997a). This viewpoint is based on a 
supposedly longer tibia than femur (but see below), on esti- 
mated running speeds of mobility of 30 mph (Larson 1997; but 
see below), on trackways in which a large theropod may be track- 
ing a sauropod (Farlow 1987b), on healed wounds in large her- 
bivores (suggesting that live prey were attacked; Larson 1997), 
and on disproportionately long teeth in tyrannosaurids (Currie 
1997a). 

In the case of tyrannosaurids, almost a century of contro- 
versy exists over this image, however. A variety of scientists have 
argued that the largest tyrannosaurids might have been scav- 
engers (Lambe 1917a; Halstead 1975; Horner and Lessem 1993; 
Horner 1994). This idea is based on the observations that the 
arms are small compared with other active predatory dinosaurs, 
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the femur is approximately the same length as the tibia, and an 
abundance of tyrannosaur teeth have been found associated with 
bone beds, suggesting postmortem scavenging. 

The notion that Morphotype I theropods were fast runners 
has been challenged as well. Fastovsky and Weishampel (1996), 
among others, noted that tyrannosaurids do not have gracile 
limbs. Farlow et al. (1995b) argue that tyrannosaurids might have 
been fast by the standards of the morphotype, but that the lo- 
comotion must have been graviportal. They conclude: 


[O]ur estimate of the strength indicator of Tyrannosaurus, 
taken in conjunction with the decline in locomotor 
performance likely to occur in large animals, structural 
features of the hind limb and hip joint of Tyrannosaurus, 
and the dire consequences likely to afflict a 6000-kg 
animal that falls while running, lead us... to doubt 

that Tyrannosaurus could run as rapidly as other, smaller 
theropods, such as ornithomimosaurs, or even smaller- 
bodied tyrannosautrs like Albertosaurus. (Farlow et al. 
1995b:723) 


Other Morphotype I theropods, such as Albertosaurus and 
Carcharodontosaurus, cannot be so easily wedged into the tyranno- 
saurid mold. In these animals, more gracile limbs and propot- 
tionately slightly longer arms allow the suggestion of behaviors 
closer to cursorial and active predation. 

A different line of insight comes from the discovery of tooth 
marks on the pelvis of Triceratops and a phalange of Edmonto- 
saurus, attributed to Tyrannosaurus (Erickson and Olson 1996; 
Erickson et al. 1996). The bite marks appear to show repeated 
grabbing and pulling, as some of the bites overlay others. More- 
over, some of the bite marks are less scrapes and more punctures, 
suggesting bite forces equal to or greater than those produced by 
living predatory vertebrates (Erickson et al. 1996). These discov- 
eries do not falsify the tyrannosaurid-as-scavenger idea, because 
repeated bites and overlapping bites that do not show evidence 
of healing could mean that the prey was already dead. 

Finally, Chin et al. (1998a, 1998b) report the discovery of a 
large coprolite, attributed by inspirational size and stratigraphic 
position to Tyrannosaurus. In the coprolite were angular bone 
fragments of a subadult ornithischian. The angularity of the 
bone fragments suggests extensive oral processing before diges- 
tion, a surprising conclusion, given the long-held supposition 
that theropods chewed little and swallowed whole. A large-scale 
study by Fiorillo (1991b) suggests that, by comparison to mam- 
mals, dinosaur teeth show little wear and the bones of dino- 
saurs presumed to be the prey of other dinosaurs show little 
evidence of tooth marks. Fiorillo (1991b) concluded that car- 
nivorous dinosaurs did not generally crush bone as part of their 
prey utilization. 


MORPHOTYPE II 


In contrast to Morphotype I predators, few would argue that 
Morphotype II theropods were not active hunters (vagile pred- 
ators sensu Molnar and Farlow 1990). Locomotion in these 
theropods, as noted by Farlow et al. (1995b), must have been 
less graviportal than in the larger Morphotype I theropods. In 
the former, the hind limbs are much more gracile, the tibia is 
longer than the femur, and in most (but not all cases), the hands 
are well developed, with three clawed digits (including, in all 
cases, the semi-opposable digit I; Gauthier 1986). Alexander 
(1989) reconstructs a large theropod trackway as having been 
produced by an animal running at 27 mph. Active predation 
must have been the norm, a viewpoint that is shared by virtually 
all workers (see Currie 1997a). 
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Examples of large theropod teeth associated with the bones 
of sauropods from the Jurassic in the United States have been 
known for almost 100 years (Beasley 1907; Matthew 1908), and 
scrapes on the vertebrae of large sauropods have been inferred to 
result from the teeth of Allosaurus (Czerkas and Glut 1982). In- 
deed, Bakker (1997) reconstructs active predation of sauropods 
by allosaurids, and even suggests young were fed at the nest by 
the parents. A recent example of predation interaction is the as- 
sociation of the sauropod Omeisaurus and some large theropod 
teeth, whose precise affinities (beyond large theropod) are un- 
certain (Buffetaut and Suteethorn 1989). The reports of this 
association are so consistent that it is not too great a stretch to 
suggest that a likely candidate for the prey of Allosaurus (and per- 
haps many large Jurassic theropods) were coexisting sauropods. 
As noted by all of these reports (with the exception of Bakker 
[1997], who infers active killing), the record does not discrimi- 
nate between the active killing of sauropods by large theropods 
and/or the subsequent scavenging of the carcasses after the 
death of the animals. An unusual case is presented by the Ar- 
gentine theropod Carnotaurus, whose gracile build, size (7.5 m) 
and bladelike teeth (Bonaparte et al. 1990) place it squarely in 
Morphotype II. The extraordinarily short, two-digit forelimbs 
are reminiscent of tyrannosaurids, however. 

To summarize these various lines of evidence, there can be 
little doubt that many large theropods killed for their suppers. 
Molnar and Farlow (1990:223) noted that “it is difficult to 
imagine a carnosaur-sized flesh-eater normally being interested 
in mouse-sized prey.” Thus, when active killing was to be done, 
it was the large animals—sauropods, large ornithopods, and 
ceratopsians—that must have constituted the bulk of the carno- 
saur diet. 


MORPHOTYPE III 


The morphology of Morphotype II theropods, the dromaeo- 
saurids, leaves little ambiguity about the behavior of these crea- 
tures. Ostrom (1994) called one of them the “ultimate killing 
machine” and, hyperbole notwithstanding, that is obviously 
what they were built to do. All were gracile, and equipped with 
comparatively large heads, large brains, eyes with overlapping 
fields of vision (presumably reflecting stereoscopy), extremely 
long arms (see Gauthier 1986), a flexible wrist, large hands (com- 
monly as large as the forearm) with a semi-opposable thumb 
(Ostrom 1969a, 1969b, 1994; Russell and Séguin 1982), three 
clawed digits on the manus, legs with longer femur than tibia, 
and claws on the feet, including a wicked, sickle-like claw on 
digit II with almost 180° of rotation. The tail was rigid, serving as 
a dynamic counterbalancing mechanism for the long arms. 
The habits of Morphotype III theropods are evident, based 
on the skeleton, and thus the discovery of the so-called “fight- 
ing dinosaurs” specimen (see above) was more a confirmation 
of the behavior of these animals than a new revelation. In the 
case of the Morphotype III theropod Deinonychus, Maxwell and 
Ostrom (1995) suggested that the taphonomic setting in which 
the ornithopod Tenontosaurus is found implies that not only 
was this large ornithischian the meal of choice for Deinonychus, 
but that the small- to medium-sized predators hunted these her- 
bivorous dinosaurs in packs. To support the contention that 
Deinonychus hunted Tenontosaurus, they noted the abundance 
of shed theropod teeth associated with carcasses of the ornitho- 
pod. Since they interpreted at least one large Tenontosaurus 
as having killed four or so Deinonychus before the former was 
brought down, they suggested that Deinonychus, at least, pre- 


ferred to scavenge, or attack subadult prey. This view is in keep- 
ing with observations on mammalian predators and large prey. 

Shed teeth of Morphotype III theropods are common in 
mammal-producing microsites (e.g., Brinkman 1990). Brinkman 
(pers. comm.) noted, however, that most of these microsites 
constitute allochthonous assemblages, and thus may give better 
insights into hydraulic equivalence than biotic habits. 


MORPHOTYPE IV 


The detailed habits of Morphotype IV theropods are largely 
unknown. The small, gracile build suggests a capability for ac- 
tive predation, and indeed, Ostrom (1978b) reported a lizard 
(Bavarisaurus) preserved in stomach contents from Compsogna- 
thus. Juvenile Coelophysis have been reported in the thoracic cav- 
ities of adults from Ghost Ranch, New Mexico (Colbert 1989), 
leading to suggestions of cannibalism. Even if we interpret this 
example of cannibalism as de rigueur among all Morphotype IV 
theropods (and not just Coelophysis), it can hardly have been 
practical as the main source of sustenance. Insects, small therap- 
sids (including mammals), and lepidosaurs remain highly 
probable food sources for these animals. In one unambiguous 
case, however, the theropod Sinosauropteryx has been recovered 
with the remains of amammalian mandible (including teeth) 
in its thoracic cavity (Ackerman 1998; Chen et al. 1998). 


MORPHOTYPE V 


Morphotype V theropods share many postcranial similarities 
with Morphotype III theropods, suggesting some kind of active 
cursorial carnivory. What they do not share with Morphotype 
If theropods are comparatively large heads filled with laterally 
compressed, recurved, serrate-edged teeth. Instead the members 
of this group have skulls that are edentulous, akinetic, and 
highly pneumatic (Barsbold et al. 1990). Osborn (1924a) sug- 
gested that these animals might feed on eggs, an inference as 
much based on the apposition of a specimen of Oviraptor with 
supposed Protoceratops eggs (but see Norell et al. 1993) as on the 
edentulous skull. Barsbold (1983a) suggested that the primary 
diet of oviraptorosaurians might be bivalves. In support of this 
hypothesis, he noted large fenestrae for mandibular adductor 
muscles and inferred (not unreasonably) the presence of a robust 
beak. He inferred that a muscular tail might be used for aquatic 
propulsion along the shores of inland lakes. 

Several factors militate against this view. The first is that 
the other Morphotype V theropods—North American caenag- 
nathids and Mongolian ingeniines (Barsbold et al. 1990)—do 
not share many of the distinctive cranial adaptations of ovi- 
raptorids; however, they may have been doing something differ- 
ent. Second, the paleoenvironments of Oviraptor philoceratops 
are desert ergs and not the water-rich environments sometimes 
imagined (Fastovsky et al. 1997; Loope et al. 1998). Another 
oviraptorid (Rinchenia mongoliensis) is known from the Nemegt 
Formation of Mongolia, a fluvial unit without abundant lacus- 
trine deposits. Conchoraptor and Ingenia are known from the 
Mongolian locality Hermiin Tsav, parts of which are suggestive 
of fluvial deposition and parts of which are suggestive of desert 
ergs. Finally, Currie (1997a) has noted that, although the jaws 
of Oviraptor are strong, the hollow, air-filled beak would not have 
been suitable for durophagous feeding. 

Ultimately, the behaviors of Morphotype V theropods re- 
main mysterious. Smith (1992) argued that Oviraptor might have 
been herbivorous, using its sharp beak to slice tough, fibrous 
plant material. Skull excluded, the strong claws, long limbs, and 


large hands and feet of this group all point to cursorial habits 
and an active, predatory lifestyle (Currie 1997a). A variety of 
smaller animals, including dinosaurs, lepidosaurs, and mam- 
mals, could have served as the prey of these theropods. 


Teeth 


The teeth of those theropods that possess them have long of- 
fered the promise of insights into the animals’ behavior. De- 
tailed studies have been produced by Farlow et al. (1991), Abler 
(1992), and more recently, by Bakker (1997). All conclude that 
the theropod tooth was a multifunctional instrument, designed 
to perform a combination of killing, slicing, prey restraint, and, 
potentially, crushing. 

Theropod teeth are commonly described as laterally com- 
pressed, recurved, and serrated. In this sense, they do not differ 
significantly from pseudosuchian or rauisuchian teeth, which 
are similarly shaped. Regardless, theropod teeth still generally 
fall within predictable size constraints: in small theropods, the 
basal width is about half the fore-aft length (i.e., bladelike), 
while in larger theropods, the basal width is about two-thirds 
the fore-aft basal length (i.e., less laterally compressed). More- 
over, in small theropods, the fore-aft basal length is just under 
half the crown height, whereas in large theropods, the fore-aft 
basal length is about half the crown height. The single significant 
exception to these generalities is Tyrannosaurus, in which the 
measurements reveal greater scatter in data of the teeth tested, 
but a generally longer-crowned and more bulbous tooth (Farlow 
et al. 1991). Farlow et al. (1991) also noted that serration size is 
a function of tooth size, and that large theropod teeth tend to 
have more serrations than small theropod teeth. The amount 
and style of theropod tooth serrations may also vary: Coelophysis 
has serrations on all but its most mesial teeth, Archaeopteryx 
teeth have no serrations, and troodontid teeth have dispropor- 
tionately large serrations. 

It has been assumed that the serrations on theropod teeth 
served a purpose, although an inheritance component cannot 
be rejected. Frazzetta (1988) interpreted that purpose in terms 
of the enhancement of the cutting power of a blade. Abler (1992) 
refined that analysis, concluding that the serrations trap and cut 
material to a level determined by the height of the serrations. 
Farlow et al. (1991) concluded that the size of the serrations in 
theropods optimizes the cutting ability of the blade at the ex- 
pense of its binding tendency, given a particular tooth size. They 
also posited that serrations were useful for holding prey, imply- 
ing not unreasonably that theropods killed living prey. Erickson 
et al. (1996) concluded that the stresses to which T: rex teeth 
might have been subjected by a large struggling prey were in- 
sufficient to break the teeth (contra Halstead 1975) and thus, that 
it was capable, at least, of killing live prey. 

Ultimately, however, these studies bear little on the enigma of 
Morphotype I theropod behaviors. The bulbous teeth in Tyranno- 
saurus could be instruments for bone crushing (by analogy with 
modern hyaenas; note such empirical studies as Erickson et al. 
{1996]), but might as easily be allometric responses to large tooth 
size (Fastovsky and Weishampel 1996). It should be noted, how- 
ever, that other large Morphotype I theropods (e.g., Carcharo- 
dontosaurus, Giganotosaurus, Baryonyx) do not share the distinc- 
tively broad teeth of tyrannosaurids; thus, it is pretty clear that 
bulbous teeth are not exclusively a function of allometry. A 
number of authors have attempted an analogy between the mod- 
ern komodo dragon and Tyrannosaurus both in terms of teeth 


DINOSAUR PALEOECOLOGY 623 


(Abler 1992) and the shape of the dental arcade (Currie 1997a); 
their positions, however, as the largest nonsynapsid carnivores 
in their respective ecosystems hardly renders them comparable. 
To date, therefore, detailed studies of tooth morphology have 
offered little insight into theropod paleoecology that was not 
already available from other aspects of theropod morphology. 


Other Paleoecological Indicators 


Fossil Assemblages 


Itis far beyond the scope of this chapter to review all the dinosaur- 
bearing vertebrate assemblages that could be reconstructed into 
ecosystems. Indeed, any assemblage potentially represents some 
part (be it large or small) of an ecosystem, and thus, a list of such 
assemblages could represent a list of partial ecosystems. The ad- 
dition of nondinosaurian conspecifics—including invertebrates 
and plants—would certainly be the best way to reconstruct the 
paleoecology of dinosaurs, as undoubtedly carnivorous dino- 
saurs (particularly the small ones) did not prey exclusively on 
other dinosaurs. 

Nonetheless, most workers (cf. Hasiotis and Bown 1992; 
Chin and Gill 1996) have restricted themselves to vertebrates 
eating other vertebrates, an assumption that is probably valid 
only in the cases of large- and medium-sized terrestrial verte- 
brates. And because most post-Triassic, pre-Cenozoic large ter- 
restrial vertebrates were dinosaurs, it is likely that many large 
carnivorous dinosaurs ate other dinosaurs. 

An early example of paleoecological reconstructions of 
dinosaur-bearing ecosystems was that of Olson (1971). Olson’s 
studies focused on the Triassic portion of the dinosaurs’ earthly 
tenure (and on earlier, predinosaurian terrestrial ecosystems). 
Bakker (1975a), restricting his analysis to intermediate- to large- 
sized vertebrates, reconstructed 24 different presumed predator- 
prey interactions from the Early Permian through the Mio- 
cene. Fastovsky (1989) attempted a summary of North American 
dinosaur-bearing ecosystems in the context of paleoenviron- 
ments and paleoclimates. 

Most studies have been more specialized, however. Gottes- 
feld (1972) recognized a series of three sequential communities 
in the lower part of the Chinle Formation; his work was emended 
and updated by Parrish (1989). Dodson et al. (1980a, 1980b) at- 
tempted a paleoecological reconstruction of the productive 
Morrison Formation. The Late Jurassic Solnhofen lagoonal eco- 
system has been extensively reconstructed in a variety of studies, 
summarized in Barthel et al. (1990). 

Considerable attention during the 1990s has been focused 
on dinosaut-bearing terrestrial ecosystems. The list from North 
America is extensive. Olsen and colleagues, building on the 
early work of Lull (1915), developed a rich picture of the paleo- 
environments and faunas of the Triassic and Early Jurassic rift 
basins of the Eastern Seaboard of the United States and Canada 
(Olsen 1980a, 1980b, 1997; Olsen and Sues 1986; Olsen et al. 
1989, 2002). Coeval faunas and environments in the American 
southwest have been extensively studied by Demko, Dubiel, 
Hunt, Lucas, and their colleagues (e.g., Long and Houk 1988; 
Dubiel et al. 1991; Demko 1995; Hunt et al. 1998). 

Perhaps the most comprehensive paleoecological studies in- 
volving dinosaurs focus on Cretaceous faunas, primarily in North 
America (e.g., Sloan 1969; Béland and Russell 1978; Dodson 
1983, 1987). An example of this kind of study is that of Lehman 
(1987, 1997, 2001), who recognized three dinosaur-based as- 
semblages in the latest Cretaceous of North America, and cor- 
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related these with lithosomes, inferred to represent differing 
paleoenvironments. Archibald (1982), Brinkman (1990), and 
Lofgren (1995) incorporated microvertebrate assemblages into 
their studies. 

A number of non-North American paleoecological recon- 
structions have been attempted. Weishampel et al. (1991) re- 
constructed extraordinary latest Cretaceous insular faunas of 
the Hatceg Basin, Romania. Buffetaut (1997) produced an inter- 
esting account of latest Cretaceous dinosaurs from the south of 
France. His account is particularly noteworthy for the discovery 
of the gigantic (presumably carnivorous) bird Gargantuavis, an 
organism whose discovery rewrote the presumed trophic rela- 
tionships within that fauna. The paleoecology of the Upper 
Cretaceous Djadokhta Formation of central southern Mongolia 
and northern China is beginning to be moderately well under- 
stood, thanks to such studies as Eberth (1993), Jerzykiewicz et al. 
(1993), Fastovsky et al. (1997), and Loope et al. (1998). In that 
formation, a highly productive desert ecosystem is beginning 
to be recognized. 

The presence of dinosaur-rich, generally monospecific (or 
nearly so) bone beds has provoked considerable paleoecological 
speculation. The most famous bone beds are usually associated 
with hadrosaurids and ceratopsians (e.g., Currie and Dodson 
1984; Horner and Gorman 1988; Rogers 1990; Varricchio and 
Horner 1993; Derstler 1995; Tedesco et al. 1998) and have been 
interpreted to reflect gregarious behavior. The beds are com- 
monly assumed to result from natural catastrophes, such as the 
drowning of individuals from a herd during a stream crossing 
(Currie and Dodson 1984). Currie (1989b) has suggested that 
the movements of large herds of dinosaurs may reflect migra- 
tory behavior, an idea that was reinforced by the discovery of 
dinosaurs at extremely high latitudes (Nelms 1989). 

Other bone beds exist in which herding behaviors are more 
equivocal. Both Plateosaurus (Trossingen, Germany; Huene 1928) 
and Iguanodon (Bernissart, Belgium; Dupont 1878) bone beds 
have been discovered, but these have been interpreted in terms 
of the slow, time-averaged accumulation of individual carcasses 
(Norman 1985). An Allosaurus bone bed is known from the 
Cleveland-Lloyd quarry (Utah, United States; Smith 1997) and 
the famous Coelophysis bone beds are known from Ghost Ranch 
(New Mexico, United States). Each of these examples may reflect 
behavioral input into the composition of the final assemblage; 
however, although in the former, gregarious behavior has been 
postulated (Richmond and Morris 1996), the remains in the 
latter are interpreted as a postmortem assemblage concentrated 
by taphonomic processes (Schwartz and Gillette 1994; Therrien 
and Fastovsky 2000). These authors noted, however, that herd- 
ing behavior is not precluded. 


Footprints 


Lockley (1997) has reaffirmed the potential utility of dinosaur 
ichnotaxa in addressing paleoecological questions. Tracks can 
provide information about behavior and social structure that 
are difficult or impossible to obtain from body fossils. Moreover, 
such inferences can be more direct than those obtained from 
skeletons or isolated bones, because footprints record time in a 
different manner than do bones. Single bedding planes gen- 
erally preserve short time intervals, and, whereas bone assem- 
blages can undergo substantial reworking and time averaging 
(e.g., Behrensmeyer 1982) even in associations of elements 
where a single animal is presumed, the reworking factor for foot- 
prints is negligible. 


Footprints tend not to survive significant disturbances. 
This adds another benefit to ichnotaxa as an ecological entity: 
proximity to source. Bones can be and often are significantly 
transported from the source area (defined here as the locality of 
death) prior to final internment (e.g., Koster 1987). However, 
major tectonic movements aside (e.g., geographic translation 
due to large-scale overthrusting), footprints are autochthonous 
structures and record a concrete paleogeographic position for 
their maker. 

Tracks and trackway studies have been successfully applied 
to obtain a number of behavioral inferences about dinosaurs. 
Most informative are trackways: sequences of footprints that 
are interpreted to represent the locomotor path of one or more 
organisms. Tracks and trackways have been extensively used in 
the estimation of the running speeds of dinosaurs (e.g., Alexan- 
der 1976, 1989; Thulborn 1990), in the recognition of homologies 
between birds and dinosaurs (Farlow 1989; Padian and Olsen 
1989), in stratigraphic reconstruction (palichnostratigraphy 
sensu Lockley 1997), as well as in reconstructing the waxing 
and waning of groups of dinosaurs during their tenure on Earth 
(Lockley and Hunt 1995a). For example, because they cannot 
be reworked, tracks and trackways were used to determine un- 
ambiguously the stratigraphic position of the youngest nonavian 
dinosaur in terrestrial sediments at the end of the Cretaceous 
(Lockley and Hunt 1995a). 

Among the key paleoecological insights afforded by track- 
ways is the inference that dinosaurs moved in herds. Many 
workers have recorded instances of multiple, unidirectional track- 
ways, inferred to have been produced simultaneously (or nearly 
so) in a substrate (e.g., Bird 1944a; Ostrom 1972b; Farlow 1987b; 
Lockley 1986b, 1991, 1995; Lockley and Pittman 1989; Lockley 
et al. 1992a; Meyer 1993; Lockley and Hunt 1995a; Irby 1996a, 
1996b; Farlow and Chapman 1997). The most reasonable inter- 
pretation of these is that they reflect herding behavior. The most 
common examples are sauropod and ornithopod trackways 
from the Upper Jurassic and Cretaceous of North America. For 
example, the famous Glen Rose tracksite in Texas, United States 
(Farlow 1993; Winkler 1997) has been interpreted to reveal not 
only a herd of sauropods, but also the stalking of that herd by 
one or more theropods (Langston 1979; Farlow 1987b); this is 
a striking example of the contribution of tracks and trackways 
to understanding dinosaur paleoecology. Herding in theropods 
has also been inferred (Fastovsky et al. 1998) from trackways. 
Some tracksites are extraordinarily large; Lockley and Hunt 
(1995a) recorded the existence of a kind of dinosaur trade 
route, the so-called “Moab megatracksite,” said to extend about 
1000 km? in the Entrada-Summerville sequence (Upper Jurassic) 
in Utah. Other large tracksites are known from the Upper Juras- 
sic Morrison Formation (Lockley et al. 1986). From sites such as 
these, paleontologists have not only inferred herding, but also 
migration in dinosaurs. 

Trackways potentially afford insights into dinosaur com- 
munities. Lockley and Hunt (1995a) have reconstructed faunal 
compositions by using pie diagrams, based on the abundance of 
trackways. These in turn potentially represent the elusive (body 
fossil) predator:prey ratios, first sought by Bakker (1975a), and 
subsequently strongly criticized from a variety of perspectives 
(for summaries, see Thomas and Olson [1980], Farlow [1990], and 
Fastovsky and Weishampel [1996]). If valid, these community 
reconstructions can provide refined clues to the paleoecology of 
dinosaur communities. 

Such interpretations are not without their problems. If the 
tracks in question are well preserved, it is possible to discern how 
many separate ichnomorphs (e.g., prints representing single 


osteological taxa) are present on a trackway, as long as the iden- 
tifications of each ichnotaxon are unambiguous (a point exem- 
plified by the taxonomic histories of early Mesozoic footprints 
from eastern North America [see Hitchcock 1836, 1845, 1858; 
Lull 1953; Olsen and Baird, 1986]). For this reason (as noted by 
Smith and Farlow [2000]), considerable care must been taken to 
quantitatively identify both the ichnotaxon and the candidate 
taxon (for a summary of quantitative methods of identifying 
ichnotaxa, see Farlow and Chapman [1997]). 

Moreover, it is critical that a census of tracks include only 
footprints that occur on a single bedding plane. Because foot- 
print assemblages are generally thought of as preserving an in- 
stant in geologic time, multiple ichnotaxa on a single bedding 
plane are often postulated to represent the interactions of the 
animals that made the tracks. Thus as noted above, the co- 
occurrence of ichnotaxa thought to represent carnivores and 
herbivores has lead to speculations concerning the predator 
pursuing its prey. It is clear, however, that fossil ichnotaxa— 
even on the same bedding plane—are subject to a degree of time 
averaging. Mudflats and floodplains can collect tracks for as 
long as amonth or two before an event buries them and ends the 
recording period. Even the resolution of a single afternoon (were 
it in some way possible to confirm this) could be too crude to 
make paleoecological inferences about multiple sets of footprints. 
Thus, even if two sets of tracks were formed during a single 
recording period, it is likely not going to be possible to discern 
whether the tracks were formed at the same time (e.g., whether 
one animal was intentionally following another). 

Although understanding the structure of paleocommunities, 
trophic relationships, and paleoecological censuses through 
ichnotaxa is attractive, this, too, is fraught with complications. 
Although it is not difficult to identify track morphologies as 
higher taxa (e.g., sauropod, hadrosaurid, or ceratopsian), dis- 
cerning individual genera or even families can be more prob- 
lematic. Additionally, finding makers for dinosaur tracks that 
were made by a functionally tridactyl, habitual biped can be dif- 
ficult, especially when dealing with smaller tracks (e.g., less than 
about 30 cm in overall track length, measured from the claw im- 
pression of digit III to the metatarsal impression of digit IV). 

Likewise, theropod and ornithopod tracks can appear simi- 
lar. That an impression qualitatively resembles the kind of foot- 
print that we would expect from the foot structure of a given 
dinosaur does not tie it to a particular body fossil with certitude. 
For example, just because Tyrannosauripus occurs in the Maas- 
trichtian and looks as though it could have been made by a 
Tyrannosaurus foot does not establish that the trackmaker was 
indeed Tyrannosaurus (see Lockley and Hunt 1994). For many 
paleontologists, however, the utility of dinosaur ichnotaxa for 
paleoecological censusing and community dynamics (see Far- 
low and Lockley 1993; Farlow and Chapman 1997; Smith and 
Farlow 2000) remains, for better or worse, within the realm of 
footprint taxa. 


Stable Isotopes 


Stable isotopes of carbon and oxygen have afforded some strik- 
ing insights into dinosaur physiology not available through 
conventional means (e.g., Barrick and Showers 1994; Barrick 
et al. 1996, 1997); these results, however, do not apply to paleo- 
ecology per se. More directly pertaining to paleoecology, stable 
isotopes have also been applied—preliminarily—to a Cretaceous 
(Judithian) dinosaur community in an attempt to gain a better 
understanding of trophic relationships (Ostrom et al. 1993). It 
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was shown that, in modern organisms, stable carbon (13C) and 
nitrogen (SN) isotopes are incorporated into the tissues (in- 
cluding bones). At each trophic level, these stable isotopes are 
fractionated (Minigawa and Wada 1984; Harrigan et al. 1989), 
which suggests that in the case of 5N, the amount of fraction- 
ation directly reflects trophic position within a community. 
Applied to the Judithian dinosaurs, Ostrom et al. (1993:493) 
concluded that: 


The d!5N values increase with each hypothesized trophic 
level. There is a 2%o increase in the dN of the tyrannosaurids 
above that of the hadrosaurids. This hierarchy is consistent 
with conventional paleontological evidence that identifies 
hadrosaurids as dominant megaherbivores within the 
Judith River Formation and tyrannosaurids as the principal 
carnivores. 


The work was not without ambiguity. The method could not 
be said to unequivocally position the trophic levels of various 
groups beyond crude distinctions between carnivores and her- 
bivores. For example, considerable scatter from individual spec- 
imens was obtained within groups (e.g., among carnivores: 
dromaeosaurids, 7.9%0o0; ornithomimosaurs, 8.7 and 5.2%o; 
tyrannosaurids, 6.3, 7.2, and 6.4%o), and the differences between 
the d!SN of dromaeosaurids and that of tyrannosaurids might 
or might not be attributable to dietary preferences. The dietary 
ambiguity of ornithomimosaurs (see above) was not resolved by 
this method. Greater resolution was obtained in determining 
the trophic positions of an associated aquatic fauna and, in gen- 
eral, the approach may hold promise with further application. 


Conclusions 


Early in their career on Earth, herbivorous dinosaurs apparently 
diversified, developing different tiers or levels at which the her- 
bivory took place. This tiering took place along with the rise of 
“gymnosperm” floras, which, by the Middle Jurassic, dominated 
terrestrial landscapes (fig. 26.2). Low browsing was initially the 
province of early ornithopods and possibly prosauropods, the 
latter of which possibly were able to browse at higher levels 
(mid-level browsing) as well. By the Middle to Late Jurassic, the 
tiering may have been well established, with sauropods (ques- 
tionably excluding diplodocids) browsing at high and middle 
levels, ornithopods browsing at middle and low levels, and 
stegosaurs and ankylosaurs browsing at low levels. 

The Cretaceous involved the rise of angiosperms, as well as 
an unprecedented radiation of dinosaurs during its latter half. 
Tiffney (1997), reflecting the views of most paleontologists who 
have worked on this problem (including those cited above), 
claims that angiosperms, more nutritious than “gymnosperms,” 
underwrote the Late Cretaceous dinosaur radiation. Indeed, the 
argument can be constructed that the Late Cretaceous burst of 
ornithischian evolution, as reflected in their increase in diver- 
sity, is a reaction to the radiation of angiosperm floras that be- 
gan sometime in the late Early Cretaceous. This impressive 
coincidence is shown in figure 26.2; the circumstantial evidence 
for a paleoecological relationship is compelling. 

Yet several lines of evidence suggest that this may not be the 
complete story. To date, conifer remains are what have been ex- 
clusively reported in coprolites attributed to and in the stomach 
contents of large herbivorous dinosaurs. Moreover, it is in these 
groups—most notably, hadrosaurids and ceratopsians—that 
the most sophisticated and efficient mechanisms of food pro- 
cessing evolved. Finally, as is clear from figure 26.2, the Late Cre- 
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taceous was still a time of a tremendous abundance of conifers. 
Even if the diversity of angiosperms was increasing, it in no way 
approached the dominance that it achieved by mid-Tertiary 
time (although locally, angiosperms may have been abundant; 
see Wing and Sues [1992]). 

It is possible, therefore, that although angiosperms may have 
supported many Late Cretaceous groups (e.g., ankylosaurs, small 
ornithopods, pachycephalosaurs, ornithomimosaurs, therizino- 
sauroids), the poster children of Late Cretaceous herbivory— 
ceratopsians and hadrosaurids—may have restricted themselves 
to conifers and developed the equipment necessary to process 
these non-nutritious, tough plants. Although the herbivory of 
Late Cretaceous dinosaurs has been characterized as generalized 
(Wing and Tiffney 1987), it is possible that even by the Late Cre- 
taceous, not only was there the kind of tiering described above, 
but there was also partitioning of the plant resource: the largest 
herbivores restricted themselves to conifers and the smaller 
herbivores consumed the lower-level, rapidly radiating angio- 
sperms. The story of the radiation of angiosperms thus may also 
have driven an ecological partitioning based on something other 
than plant size. 

Large carnivorous dinosaurs almost certainly ate other dino- 
saurs (possibly exclusively); however, this conclusion cannot be 
applied to smaller carnivores. It is a reasonable interpretation 
that Morphotype I, II, and IV theropods actively hunted prey 
(including, possibly, large herbivorous dinosaurs). In the case 
of Morphotype I theropods, however, behavioral conclusions 
must be tempered by the fact that large size must have restricted 
agility. The lack of modern analogs for Morphotype I theropods, 
as well as their diversity, leaves the behavior of this group enig- 
matic at best. Finally, the habits of Morphotype V theropods 
also remain shrouded in mystery; however, the presence of a 
large, well-developed grasping hand and all digits tipped with 
robust claws suggests some kind of carnivory. 

The evidence is compelling that many dinosaurs were herd- 
ing animals. Such evidence includes trackways and bone beds. 
Herding and/or some form of social behavior is particularly con- 
vincing in the case of hadrosaurids and large (North American) 
ceratopsians; however, it might also obtain within Theropoda, 
among such groups as ornithomimosaurs and Morphotype II 
theropods. 

Many dinosaurs likely traveled in herds. Maiasaura—and by 
extension, other hadrosaurids—herded; there can be little doubt 
of this (Horner and Gorman 1988). Our experience in the Upper 
Cretaceous Hell Creek Formation of eastern Montana suggests 
that Triceratops herded; bone beds such as the Centrosaurus bone 
bed (Currie and Dodson 1984) reinforce the idea that many (if 
not all) large ceratopsians herded. Theropods as disparate as 
Coelophysis and Allosaurus may have traveled in packs; however, 
time-averaged assemblages, such as the [guanodon specimens of 
Belgium, neither advance nor militate against the case for herd- 
ing in these organisms. 

Dinosaur paleoecology, as noted by Tiffney (1997), is a rela- 
tively new field. Although we have learned a great deal, there is 
still much about which to speculate. With increasingly sophis- 
ticated approaches to collecting and data retrieval from the 
fossil record, it is becoming easier and more appropriate to for- 
mulate meaningful, testable hypotheses. This chapter contains 
much that is data and much that is speculation—even if 
testable. The paleoecology of dinosaurs is still something of a 
tabula rasa, a fact that no doubt influenced Tiffney (1997:368) 
to write “There is much here [in the interactions of plants and 
dinosaurs, but in fact it applies to all dinosaur paleoecology] to 
entertain and frustrate the paleontologists of the future.” 
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Between the first appearance of Dinosauria sometime near 
the beginning of the Late Triassic and the Cretaceous-Tertiary 
extinction event, the geography of Earth went through as pro- 
found a transformation as did the life on its surface. The assem- 
bly of Pangea was completed sometime in the Triassic, uniting 
all major continental units into a single landmass. However, 
this union began to break apart by the Triassic-Jurassic bound- 
ary, with the split between Gondwanan (South America, Africa, 
India, Madagascar, Antarctica, and Australia) and Laurasia 
(North America, Greenland, Europe, and Asia) along what is 
now the mid-ocean ridge of the southern North Atlantic (Olsen 
1997). Continental fragmentation dominated over accretion 
for most of the Mesozoic. Similarly, the Mesozoic Earth saw dra- 
matic variations in ocean level. While the Pandean continent 
was largely emergent, periodic oceanic transgressions flooded 
the continents throughout the Jurassic and Cretaceous. Indeed, 
the mid-Cretaceous (Cenomanian) was marked by the most 
extreme oceanic highstand and some of the most reduced pole- 
to-equator thermal gradients in the post-Pangean world, and 
possibly in the whole of the Phanerozoic (Haq et al. 1987; Fas- 
sell and Bralower 1999). 

As a consequence of these geographic changes, populations 
of large, fully terrestrial animals, such as dinosaurs, would be 
expected to have been subjected to numerous periods of isola- 
tion (from fragmentation of emergent land surfaces, due to 
either rifting events or oceanic transgressions) and combina- 
tion (from the union of emergent land surfaces, due to either 
tectonic collision events or oceanic regressions). Such changes 
might potentially be reflected in the fossil record: isolation, for 
example, might result in the origin of endemic clades recog- 
nized by unique suites of anatomical features, whereas the union 
of landmasses might result in faunal assemblages comprised of 
taxa not previously occurring together. Comparable events are 
well studied in the paleobiogeography of Cenozoic large mam- 
mals (taxa that likely had a dispersal potential similar to that 
of dinosaurs). For example, the long isolation of South America 
during the Tertiary resulted in an endemic fauna of ungulate 
herbivores and marsupial predators, and the formation of the 
Isthmus of Panama during the late Tertiary produced a new 
South American faunal assemblage comprised of descendants 
of the original austral populations and immigrant forms from 


North America. Yet another factor in the global paleobiogeog- 
raphy ofa clade is regional extirpation of lineages after isolation 
of landmasses (Holtz 1993, 1996b; Sereno 1999c; Upchurch et 
al. 2001). 


Problems in Reconstructing 
Dinosaurian Paleobiogeography 


Unfortunately, the spotty nature of the terrestrial fossil record 
for the Mesozoic hinders a more complete understanding of 
the global paleobiogeography of dinosaurian faunas. There are 
numerous multistage gaps in the stratigraphic record of dino- 
saurs in any given region, despite recent advances in uncover- 
ing new assemblages in the early Early Cretaceous through the 
early Late Cretaceous of western North America (Lucas et al. 
1998b), the Late Cretaceous of Europe, and throughout the 
Mesozoic record of Gondwana (Novas and Molnar 1996; To- 
mida et al. 1999). For example, the dinosaurian record of the 
eastern portion of North America includes several Late Triassic 
and Early Jurassic sites, a few Early Cretaceous localities, and 
scattered Late Cretaceous finds (see Weishampel et al., this vol.). 
Thus, there are no known dinosaurian fossils from the Toarcian 
through the Aptian in this vast geographic region. Similarly, 
although Late Triassic, Middle Jurassic, and Cretaceous dino- 
saurs are well represented by skeletal material in South America, 
those of the Early and Late Jurassic are known only from a few 
isolated track sites. 

Additionally, it is difficult to determine whether the appar- 
ent absence of a particular taxon in an assemblage is due to the 
actual historical absence of that clade from that interval and re- 
gion, or is instead simply a matter of nonrecovery (Upchurch 
et al. 2002). Even though the Morrison Formation of the Amer- 
ican West has been subjected to many hundreds of thousands 
of hours of investigation since the 1870s, fossils of ankylosaurs 
from this unit were not described until 1994 (Kirkland and Car- 
penter 1994), and indeed, now include some of the most com- 
plete fossils of any member of this clade (Carpenter et al. 1998). 

Furthermore, it must be recognized that physical paleo- 
geographic reconstructions, like phylogenetic reconstructions, 
are hypotheses generated from limited data. Just as more 
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FIGURE 27.1. Alternative paleogeographic reconstructions of continental positions and coastlines of the 
Aptian (120 Ma). Note the different pattern of fragmentation in Gondwana: in A, subaerial connections 
still exist between South America and Africa, but none between these landmasses, Indo-Madagascar, 

and Antarctica-Australia; whereas in B, Africa is separated by ocean from all other landmasses, and the 
remaining Gondwanan components remain in contact. See also Fig. 27.10 for an additional alternative 
reconstruction of paleogeography at 120 Ma. (A after Smith et al. 1994; B after Hay et al. 1999.) 


anatomical data are available for some taxa (by virtue of their 
greater completeness) relative to others, so, too, some geo- 
graphic regions have much more complete potential physical 
geographic information than others (e.g., Smith et al. 1994; Hay 
et al. 1999; Blakey 2001; Scotese 2002; Zeigler et al. 2002). Addi- 
tionally, although many earlier models of plate tectonic history 
(e.g., Smith et al. 1981, 1994) recognized only a few large (conti- 
nent or subcontinent) units, corresponding primarily to the 
current continents, current studies instead use dozens of indi- 
vidual terranes of varying sizes, some of which may have been 
associated with different major continental masses at different 
points in their Mesozoic history. For example, Hay et al. (1999) 
reconstruct the Apulian Promontory (containing most of Italy 
and the Balkans) as having been part of Gondwana at the be- 
ginning of the Cretaceous, and only making its initial connec- 
tion with Laurasia around 100 Ma. Thus, the Italian coelurosaur 
Scipionyx of the Albian age Pietraroia Plattenkalk (Dal Sasso and 
Signore 1998) is more properly considered a Gondwanan form 
than a Laurasian form, even though it was discovered in a region 
currently part of the northern continents. 
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Of particular importance, the westernmost portion of North 
America (Saleeby 1983) and the easternmost portion of Asia 
(Hay et al. 1999) are composed of a great number of individual 
terranes, some of these docking with the larger craton some time 
during the Mesozoic, and others only accreting after the Creta- 
ceous. As such, the Cretaceous paleogeography of the modern 
Bering region is poorly understood at present. This particular 
region was the site of significant dispersal events throughout 
the Cretaceous (Cifelli et al. 1997b, 1999a; Sereno et al. 1999). 
Furthermore, the recognition of the separate and distinct tec- 
tonic history of many smaller subcontinental plates results in 
alternative sequences of continental dispersal and accretion: 
note the differences in the reconstruction of the connections 
among the components of Gondwana in Smith et al. (1994; 
see fig. 27.1A) with that of Hay et al. (1999; fig. 27.1B; see also 
fig. 27.10). Additional complications of reconstructing the phys- 
ical paleogeography of the Mesozoic stem from post-Cretaceous 
deformation of various regions, such as the east-west extension 
of the Basin-and-Range region of the American West (Sonder 
and Jones 1999) or the compressional tectonics of the Alpine- 


Himalayan mountain chain (Smith et al. 1994; Yin and Harri- 
son, 2000). 


Previous Studies of Dinosaurian Paleobiogeography 


Most early studies of dinosaurian distributional patterns (Lull 
1910c; Nopsca 1934) were descriptive in nature, comparing lists 
of taxa from different times and regions. These initial studies, 
however, differed greatly in their views of processes in operation 
on the structure of Earth’s crust. Lull (1910c) supported a sta- 
bilist model of geology, invoking transcontinental landbridges 
where necessary to explain similarity in faunas in different re- 
gions. In contrast, Nopsca (1934) embraced continental drift. 

With a more complete understanding of dinosaurian faunas 
and phylogeny, Bonaparte and Kielan-Jaworowska (1987) em- 
phasized the apparent dichotomy between Laurasian and Gond- 
wanan assemblages during the Cretaceous. The great volumes 
of data given in Weishampel et al. (this vol.) demonstrate that, 
despite the rarity of dinosaurs in general, there is still a huge 
amount of data available to a researcher from which to deduce 
paleobiogeographic trends in Dinosauria. Consequently, a vari- 
ety of quantitative approaches must be used to reduce the great 
dimensionality in the data to a level that can be interpreted by 
the researcher. 

Various quantitative methods are now employed to deter- 
mine the patterns of endemicity in different regions during the 
Mesozoic. These methods include direct comparison of numer- 
ical dissimilarities between regions (Molnar 1980b, 1992); phe- 
netic similarity analysis (Shubin and Sues 1991); island bio- 
geography (Russell 1993, 1995); parsimony analysis of endemicity 
(Le Loeuff 1991b); vicariance biogeography (Sereno 1997, 1999a, 
1999b); and cladistic biogeography (Upchurch et al. 2001). 

Each of these methods brings some useful descriptor of 
interfaunal comparison, but each suffers from a particular weak- 
ness or weaknesses (see also Morrone and Crisci 1995; Lieber- 
man 2000). Metrics for pairwise comparisons of fossil faunal 
assemblages were developed by Simpson (1947) for use with 
Cenozoic mammalian communities; Molnar (1980b, 1992) has 
applied this technique to Mesozoic continental assemblages. 
The basic Simpson index of faunal similarity (S) represents the 
ratio of taxa in common between the two faunas compared (C) 
to the number of taxa in the less diverse of the two assemblages 
(N). The calculation for the Simpson index is: 


S=(C/N)x 100 (1) 


As with many of the methods used here, the choice of the “level” 
or “rank” of the taxa to be compared is a primary determinant 
of the index value calculated. Furthermore, although the ability 
to render these comparisons in a single number is operationally 
simple, the Simpson index does not allow for tests if the simi- 
larities between three or more faunas are systematic: that is, if 
fauna X, fauna Y, and fauna Z all have similar values of S when 
compared to one another, are these similarities due to a com- 
mon suite of taxa shared between all three, or are they instead 
separate pairwise sets of taxa shared between any given two of 
these faunas? 

To compare the similarity of multiple faunal assemblages 
simultaneously, Raup and Crick (1979) used dendrograms to 
cluster faunas based on phenetic comparisons. The locality data 
might be based on proportions or simple presence/absence data 
of the taxa in question, and various different metrics for deter- 
mining distance and linkage can be employed to generate the 


cluster diagrams (see also Archer and Maples 1987). These tech- 
niques have become commonplace in micropaleontological 
analyses, but have only been employed to a limited degree on 
terrestrial continental vertebrates of the Mesozoic. Shubin and 
Sues (1991) used this method for comparing Triassic and Early 
Jurassic tetrapod assemblages. As above, this methodology re- 
quires the a priori assignment of taxa into certain predetermined 
supraspecific categories (in the Shubin and Sues [1991] case, at 
the “family” level), as few fossil tetrapod species were present at 
more than one locality studied. 

Vicariance biogeography is a method based on the hypothe- 
sis that the majority of the distribution of organisms is due to 
the division of large ancestral ranges caused by environmental 
and geographic changes (see Wiley [1988] for a comprehensive 
review). In vicariance biogeography, dispersal is thus considered 
to be of only minor importance. The geographic distribution 
of the operational taxonomic units of a taxon is plotted onto 
the cladogram for that group to produce an “areagram.” Sereno 
(1997, 1999a, 1999b) has discussed the utility of this method in 
specific cases of clades of nonavian Mesozoic dinosaurs. 

Vicariance biogeography is a powerful tool and has an ad- 
vantage over the other techniques in that all the phylogenetic 
data are available for study (whereas in other methods, these re- 
lationships are obscured to allow coding of the taxon/locality 
data). Operationally, however, it is not primarily a method for 
comparing faunal assemblages, but rather, one for examining 
the history in a particular phylogenetic lineage. However, the 
technique can be used to examine the paleobiogeographic pat- 
terns of the component members of faunal assemblages in two dif- 
ferent ways: by testing the congruence of the areagram based on 
the phylogenetic analysis of a clade, with the areagram based 
on geologic evidence; and by testing the congruence of area- 
grams of two or more different clades. The former case suffers 
from two problems stemming from the geological areagram. First, 
historical patterns of the break up of continents are, like bio- 
logical cladograms, hypotheses based on limited data of vary- 
ing quality. While some aspects of the breakup of Pangea (e.g., 
the rifting of Laurasia and Gondwana) are well studied, others 
(e.g., the sequence of the dismantling of Gondwana) are less well 
controlled, and are consequently problematic. Second, unlike 
biological lineages, continental masses (and consequently the 
organisms living on these masses) can join as well as diverge. 

The second method of vicariance biogeography, a technique 
also called “quantitative cladistic biogeography” (Page 1988, 
1990, 1994) that compares congruences between areagrams of 
different taxa, is more promising. However, at present, detailed 
species-level phylogenetic analyses of most nonavian dino- 
saurian taxa are not available for such comparisons. Upchurch 
et al. (2002) presented a quantitative biogeographic analysis of 
Mesozoic dinosaurs. However, to render their phylogenetic trees 
into fully resolved dichotomous branches, they were forced to 
delete substantial numbers of taxa with poor cladistic resolution 
but potentially significant biogeographic significance (e.g., abeli- 
sauroids, Asian tyrannosaurids). 

Observing that the cladogram resolution for most taxa was 
indeed insufficient for traditional vicariance paleobiogeography, 
Rosen and Smith (1988) developed the Parsimony Analysis of 
Endemicity (PAE). This technique parallels cladistics, in which 
the presence/absence data of taxa of a specific region are func- 
tionally analogous to the presence/absence data of derived char- 
acter states of a specific operational taxonomic unit. These data 
are then examined by means of maximum parsimony to gener- 
ate a tree or set of trees representing the simplest explanation of 
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the shared presence of taxa. Le Loeuff (1991a) has already em- 
ployed this technique in the study of Late Cretaceous terrestrial 
communities. 

As with most other methods, however, information in the 
form of phylogenetic relationships between the taxa employed 
is lost when creating the PAE data matrix. Furthermore (as dis- 
cussed above), although the absence of a derived condition can 
be positively confirmed in a phylogenetic analysis, the absence 
of a taxon in a PAE or other biogeographic study is problematic: 
this absence could indeed indicate that the taxon did not exist 
in that faunal assemblage, but it could also represent the non- 
recovery of a taxon that was present. Thus, although the presence 
data in a PAE study are equivalent to observation of a derived 
character state in a phylogenetic analysis (that is, coded “1”), 
absence data in a PAE might be more accurately considered equiv- 
alent to uncertainty (“?”) rather than observed absence (“0”). 
Operationally, a data matrix composed of only “1”s and “?”s will 
result in all possible trees being equally parsimonious, and thus 
is not informative. 


Phenetic Dinosaurian Paleobiogeographic Analysis 


Of the methods discussed above, phenetic comparisons have 
been used most extensively in nondinosaurian biogeographic 
and paleobiogeographic studies. These have analogous uses 
and limitations to equivalent techniques used in morphometric 
analyses. Applying phenetic methods to morphology is not the 
recommended approach for deducing phylogenetic relationships 
among taxa (standard phylogenetic methods are the best tech- 
niques for doing that), but they can provide useful data on var- 
ious aspects of the biology of the taxa being studied. This is 
done by providing indications of the strength of the relation- 
ships among the groups being studied and by highlighting areas 
where interesting trends do occur; usually when taxa cluster to- 
gether unexpectedly. Such unexpected clustering often indicates 
patterns of convergence that have a strong functional, biological, 
or ecological basis, or these instances can indicate problems in 
determining the homologies of the morphology being studied. 
Regardless, such studies can provide invaluable input for reduc- 
ing errors in the data and understanding the taxa being studied. 

In paleobiogeography, methods that join phylogenetic and 
paleogeographic models together offer the strongest means for 
deducing events in the paleobiogeographic history of a group of 
organisms: what important events happened and when; what 
events happened to separate or merge faunas; where taxa might 
have originated and where the migrations have led; and the im- 
portance of vicariance in the history of the fauna, among others. 
Phenetic methods, however, can show the similarities and dif- 
ferences in the faunas that have resulted from this history; what 
regions are most similar based on their faunal composition, and 
why this might be so. When two different localities are shown 
to be similar, the reasons for this might include a unique eco- 
logical setting (e.g., taxa that prefer desert settings), connections 
that might have been missed using the phylogenetic-based 
methods, or a mistake in the identification of a key taxon. As an 
example of the latter, had such methods been applied a decade 
ago, an unusual connection at some level would have been made 
between the Upper Cretaceous fauna of the Maevarano For- 
mation of Madagascar and the classic Upper Cretaceous local- 
ities of Asia and North America, based on the presence of the 
pachycephalosaur Majungatholus. This oddity would have to 
be investigated by further research that either explained how a 
pachycephalosaur could be so misplaced geographically, or by 
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re-identifying the specimen. The latter proved to be the correct 
solution, and the taxon turned into a theropod as more material 
was found (Sampson et al. 1998). It might be argued that this was 
apparent without any detailed analyses; in fact, the anomaly 
was noted in the original paper (Sues and Taquet 1979). How- 
ever, with the amount of data now available, larger and more 
detailed quantitative analyses are the only way to determine just 
how unique an oddity is; phenetic analyses are an important 
way to document the real extent of trends recognized intuitively 
by researchers. 

We applied standard phenetic methods to data extracted 
from Weishampel et al. (this vol.), building on a pilot study done 
by Chapman (1997) that concentrated on a few Jurassic and Cre- 
taceous localities. The approach in that paper was intended to 
demonstrate the kinds of quantitative approaches available to 
researchers for the study of the distributions of dinosaurs. The 
analysis here is intended as the first, detailed phenetic analysis 
of the distribution of dinosaurs through time and space. It is a 
first analysis, and we assume that the results will act as a basis for 
more comprehensive, subsequent analyses, as the data set is re- 
fined, improved, and enlarged. As with any such study, the 
questions to be answered are straightforward: What localities 
are most similar to one another and why? How do they group? 
What might this tell us about the biology and history of dino- 
saurs? What anomalous connections are made in the data and 
why? How strong is the temporal component? How strong is 
the geographic component? 

The specific methods applied are straightforward; in a stan- 
dard phenetic analysis, a data matrix is assembled for the geo- 
graphic units (“localities”) being studied (the rows) versus a 
series of taxa (the columns). Analyses can study the relation- 
ships among the localities (the q-mode of conventional numer- 
ical taxonomy; Sneath and Sokal 1973) or the taxa (the r-mode), 
although many techniques allow both to be studied simulta- 
neously. This data matrix is then used to generate a distance or 
dissimilarity matrix. For example, a matrix of 238 localities by 
77 taxa, as extracted here for dinosaurs, can produce either a 
238 x 238 distance matrix for the localities (rows, q-mode) ora 
77 x 77 matrix for the taxa (columns, r-mode). Each locality or 
taxon has a distance value in the matrix with respect to every 
other locality or taxon. Distance matrices have diagonal values of 
0 (a unit has no distance from itself) and are symmetrical about 
the diagonal (the distance between locality 1 and locality 3 is the 
same as between 3 and 1). Once available, the distance matrix 
is explored using either clustering methods (e.g., Unweighted 
Pair-Group Method with Arithmetic Averages [UPGMA]) or 
ordinations (e.g., Non-Metric Multidimensional Scaling [MDS]), 
although both are used, because each approach has its strengths 
and limitations. The UPGMA dendrograms are explored here; 
future studies will also examine the results using MDS. 

The most difficult aspect of this analysis (like most) was the 
compilation and coding of the data. The first decision to make 
was on the taxa to be used. For this analysis, all the taxa chosen 
are assumed to be monophyletic. Because the task at hand was 
to examine the historical distribution of dinosaurs, the use of 
paraphyletic taxa would obscure such a history, as the lineage in 
question might still persist in a region but be excluded from con- 
sideration, as it was now part of the monophyletic descendant 
taxon of the paraphyletic grade. For example, although iguano- 
dontian ornithopods (Hadrosauridae) are extremely common 
in the Late Cretaceous North American West, this would not 
be recognized, if iguanodontian ornithopods had been brigaded 
into a paraphyletic “iguanodont” group and the monophyletic 
Hadrosauridae. 


A potential limitation of phenetic studies is that they treat 
each operational taxonomic unit as equivalent. Thus, the two 
sister taxa Diplodocidae and Dicraeosauridae are encoded as sep- 
arate units, but the algorithms employed do not regard the pres- 
ence of one taxon in one faunal assemblage and the other in a 
second as any more significant than the presence of more dis- 
tantly related taxa (e.g., Coelophysoidea or Stegosauria). Future 
studies will examine alternative methods of accommodating 
additional phylogenetic structure in the data, so that the shared 
presence of sister taxa in two faunal assemblages are recognized 
has having a stronger affiliation than do two faunal assemblages 
sharing only taxa that diverged earlier. 

Furthermore, decisions on the coding of taxon information 
often result in either the loss of phylogenetic information or 
the loss of occurrence data. For example, the clade Tyranno- 
sauroidea comprises Dryptosaurus, Stokesosaurus, Eotyrannus, 
Albertosaurinae, and Tyrannosaurinae (Holtz, this vol.). Had we 
chosen to code all tyrannosauroids as a single operational unit, 
we could have captured the biogeographically interesting pres- 
ence of the Late Cretaceous eastern North American Drypto- 
saurus and the Early Cretaceous European Eotyrannus, but only 
by sacrificing the potential resolution of the numerous Late 
Cretaceous western North American and Asian localities that 
have one, the other, or both tyrannosaurid clades. 

Dinosaurian distribution is, in many ways, a worse-case sce- 
nario for phenetic paleobiogeographic studies, because so 
many taxa are only known from a single locality or area. Conse- 
quently, if only species or only genera had been coded as the 
operational units, connections between assemblages would be 
tenuous or nonexistent. Additionally, many taxa lie along the 
paraphyletic “stem” to major radiations: as mentioned above, 
these can either be accommodated in the coding by losing the 
information on the shared presence of a derived subgroup or 
not included in the analysis at all. Inclusion of paraphyletic 
“stem groups” to accommodate these taxa would artificially 
provide support for the shared presence of taxa that may not 
share a more recent common ancestor with one another than 
with the descendant taxon. For the purpose of the present study, 
we chose taxa that had at least two occurrences among the lo- 
calities examined. These 77 taxonomic units were determined 
by two of us (Holtz and Lamanna). By choosing taxa based on 
this criterion, localities were connected if they shared major 
units, such as Centrosaurinae or Pachycephalosauria, or selected 
“stem” taxa with multiple locality occurrences (e.g., Psittaco- 
saurus, Ceratosaurus). This optimized the level of connectivity 
among the localities. There were many taxa that were difficult 
to place at this time within the cladogram and these were not 
included in the analyses for now; they will be included in sub- 
sequent work as their position is clarified. 

Determining the operational geographic units (here referred 
to as “localities,” even though some represent multiple sites of 
coeval age in a single region) also required making difficult de- 
cisions. Despite the massive amount of data, most localities— 
defined as a single formation in a geographic area—have few 
different taxa as defined above. Those with a single taxon are 
not useful, because they are unconstrained by any local relation- 
ships and can cluster many places throughout the dendrogram. 
Ideally, we would only use localities with four or more taxa, but 
this would severely limit those localities before the Late Jurassic. 

Consequently, to be included in our study, we required each 
locality to have two diagnosable taxa, although even so, we 
had to allow identifications at a coarse level at times. There is a 
bias toward the later time periods, for which the faunas tend 
to be much better understood (enabling easier identification of 


taxa from limited material) and the outcrops are better ex- 
posed. Unfortunately, the parameters used here eliminated sev- 
eral interesting assemblages from our study. For example, the 
Ischigualasto Formation of the Carnian of Argentina (localities 
63.1.2 and 63.2.1 in Weishampel et al. [this vol.]) represents an 
important early dinosaurian assemblage. However, of the three 
recognized dinosaurian taxa present, two are singleton occur- 
rences (the basal theropod Eoraptor and the basal ornithischian 
Pisanosaurus) that cannot be placed in any of the taxonomic units 
used here. Thus, the affinities of the fauna of the Ischigualasto 
Formation are not evaluated here. As this method is developed 
to encode more phylogenetic structure, this significant assem- 
blage can be included. 

By using the selection methodology described above, we in- 
cluded data for 238 localities in this study, with most localities 
selected from the Cretaceous (56 from the Early Cretaceous, 131 
from the Late Cretaceous), but with several sites each from the 
Triassic and Jurassic, to allow an informative analysis. We chose 
not to merge localities from the same time slice (such as the 
Morrison Formation of Colorado and the Morrison Formation 
of Utah), to provide a greater ability to see regional trends. We 
recognize, of course, that state and country boundaries have no 
biological or paleogeographic relevance, although they can cer- 
tainly have an effect on the names of taxa identified (at a level 
finer than our level of sampling). As more studies are conducted, 
an attempt can be made to split the locality information to more 
specific quarry-level sites, as well as coarser-scale, basin-wide 
operational geographic units. Note, however, that the localities 
employed in this study are finer than those of most previous 
dinosaurian biogeographic studies (e.g., Le Loeuff 1991a; Sereno 
1999a; Upchurch et al. 2002). 

The localities and their data are summarized graphically in 
figures 27.2 and 27.3. In figure 27.2A, the number of localities 
used for the Triassic and Jurassic shows that only eleven of the 
pre-Cretaceous localities contained more than three of the taxa 
used in this study, and all of these eleven are in the Late Jurassic. 
In figure 27.2B, in contrast, there were substantial numbers of 
Early and Late Cretaceous localities with more than three of the 
taxa used in this study. Figure 27.3A shows the average number 
of taxa per locality, indicating few taxa until the peak at the Late 
Jurassic and then many taxa thereafter. Given the overwhelm- 
ing number of Late Cretaceous localities, it was surprising that 
the Late Jurassic had a higher average number of taxa. However, 
this mostly reflects the taxonomic sampling done; the Late Cre- 
taceous localities tend to invest higher species diversity within 
single taxa (as employed in this study), especially within the 
hadrosaurids and neoceratopsians. Figure 27.3B demonstrates 
the increase in the total number of taxa present globally from 
the Middle Jurassic through the Cretaceous. 

The geographic distributions of the localities that could be 
used also placed limitations on the analysis. Not surprisingly, 
the Middle Jurassic is dominated by European localities, with 
nothing from North America, due to the differences in regional 
geology during that epoch. Similarly, the Late Triassic and Late 
Jurassic are dominated by North American localities, and the 
Early Jurassic by its classic southern African localities. The Cre- 
taceous localities are more equitably distributed, but even dur- 
ing this period, many areas are underrepresented. Australia is 
represented by only two Early Cretaceous localities, and Antarc- 
tica not at all. 

The result of the compilations is the 238 x 77 matrix as dis- 
cussed above. Our next step in the study was to select a coefficient 
and generate the distance matrices. There are a great many 
coefficients that can be used, including Euclidean or other 
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FIGURE 27.2. Histograms of a number of localities exhibiting specified values for the number of taxa 
per localities (from 2 to 20). Pattern of bar indicates epoch summarized. A, Triassic and Jurassic 


localities; B, Cretaceous localities. 


distances; coefficients of association, such as the Jaccard or Dice 
(Sneath and Sokal 1973; Clarke and Warwick 1994; McCune 
and Mefford 1999); and correlation coefficients or other angle 
measurements. We used the Bray-Curtis Coefficient (also known 
as the Sorensen or Czekanowski Coefficient; Clarke and War- 
wick 1994; McCune and Mefford 1999), which is also known as 
the city-block metric distance measure (Sneath and Sokal 1973; 
McCune and Mefford 1999). It has become the most commonly 
applied coefficient for biogeographic studies, because it exhibits 
a little more sensitivity to trends compared with Euclidean dis- 
tance, for example. It also is not affected by shared absences of 
taxa (and thus avoids the potential for grouping together Late 
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Triassic and Jurassic sites for their shared lack of tyrannosaurids, 
hadrosaurids, neoceratopsians, and so forth), and gives more 
weight to frequently occurring taxa than to rare ones. It also 
has some theoretical support based on fuzzy-set theory (Roberts 
1986) and empirically tends to give useful results (Clarke and 
Warwick 1994; McCune and Mefford 1999). In the present con- 
text, it also makes more sense than using Euclidean distance, 
because we are dealing with meristic data (the presence-absence 
of taxa). We refer readers to the cited references for the equations 
on calculation of the Bray-Curtis distance coefficient. 

Once a distance matrix is available, the data must be ana- 
lyzed using a variety of methods to reduce the dimensionality 
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FIGURE 27.3. Differential number of taxa and localities versus epoch. A, the number of localities (right axis, 
broken line) and the average number of taxa per locality (left axis, solid line) for the different epochs. B, the 
number of localities (right axis, broken line) and the total number of taxa present globally (left axis, solid 


line) for the different epochs. 


so that it can be interpreted. In the present study, we present 
both cluster analysis and ordination. These two approaches have 
different strengths and limitations: cluster analysis provides 
useful data on the lower-level connections of the units being 
studied, but tends to degrade in utility as more connections are 
made (to the right of the dendrogram); ordinations tend to be 
stronger at showing relationships of large groups, but tend to 
show distortion in the closer connections. Both methods pro- 
vide strong data at all levels and allow most general trends to be 
extracted (see Sneath and Sokal 1973). 

The clustering algorithm used was the hierarchical method 
UPGMA (Sneath and Sokal 1973), chosen because it has been 
shown to produce the best clustering representation of the orig- 


inal distance matrix, using the cophenetic correlation coeffi- 
cient as an indicator (Sneath and Sokal 1973). Because of this, it 
is by far the most commonly applied clustering algorithm in 
natural history applications. We used the software package PC- 
ORD4 (McCune and Mefford 1999) for our analyses. 

The result of the UPGMA cluster analysis for the localities 
yields a large and complex dendrogram connecting the 238 
localities. To facilitate discussion and analysis of the finer rela- 
tionships among the localities, we reran the analysis as two 
separate dendrograms: one containing all pre-Late Cretaceous 
localities (fig. 27.4) and the second with all Cretaceous localities 
(fig. 27.5). The groupings are a convenience to facilitate discus- 
sion but also reflect major structure in the data. The presence of 
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FIGURE 27.4. UPGMA cluster analysis of the Late Triassic through Early Cretaceous localities used for the phenetic 
paleobiogeographic analysis, based on Bray-Curtis distance coefficients. Locality names are labeled with epoch (T, Late Triassic; 
EJ, Early Jurassic; MJ, Middle Jurassic; LJ, Late Jurassic; EK, Early Cretaceous), stratigraphic unit name, and region. Large letters 
near black ovals refer to major clusters, described in the text. Fm, Formation; Mbr, Member. 
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FIGURE 27.5. UPGMA cluster analysis of the Cretaceous localities used for the phenetic paleobiogeographic analysis, based on Bray- 
Curtis distance coefficients. Locality names are labeled with epoch (EK, Early Cretaceous; LK, Late Cretaceous), stratigraphic unit 
name, and region. Large letters near black ovals refer to major clusters, described in the text. Fm, Formation; Mbr, Member. 
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FIGURE 27.6. Paleogeographic map of the Late Triassic (Carnian, 220 Ma). Letters indicate the presence of localities in the clusters indicated; 


positions are approximate. (Reconstruction from Blakey 2001.) 


FIGURE 27.7. Paleogeographic map of the Late Triassic/Early Jurassic boundary (Rhaetian/Hettangian, 200 Ma). Letters indicate the presence of 
localities in the clusters indicated; positions are approximate. (Reconstruction from Blakey 2001.) 


representative localities in a particular region during a given 
epoch or fraction thereof was then mapped onto a series of 
paleogeographic reconstructions (see figs. 27.6-27.13). 

Figure 27.4 shows a strong temporal signature, with the Late 
Triassic-Early Jurassic localities being most distant from those 
of the Early Cretaceous, and the two later Jurassic clusters being 
closer. Figure 27.5 shows both a strong temporal and geographic 
signal, with the early Early Cretaceous Wealden and Wealden- 
equivalent localities of cluster E being more distant from later 
Early Cretaceous and Late Cretaceous localities with clusters of 
predominantly Gondwanan (F), European (K), and North Amer- 


ican and Asian (together, Asiamerican) series of clusters (D, L, M, 
N, O). This is consistent with a general pattern of easier conti- 
nental exchange in the earlier Mesozoic, and greater isolation 
due to fragmentation of Pangea and its subcomponents in the 
later Mesozoic. 

The Late Triassic and Early Jurassic localities brigaded to- 
gether to form Cluster A (fig. 27.4). These units are united by the 
shared presence of members of various early radiations of dino- 
saurs (in particular clades of prosauropods and coelophysoid 
theropods) and encompass the entirety of Late Triassic and 
Early Jurassic dinosaur localities studied in this analysis (figs. 27.6, 
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FIGURE 27.8. Paleogeographic map of the Middle Jurassic (Bajocian, 170 Ma). Letters indicate the presence of localities in the clusters indicated; 


positions are approximate. (Reconstruction from Blakey 2001.) 


FIGURE 27.9. Paleogeographic map of the Late Jurassic (Tithonian, 150 Ma). Letters indicate the presence of localities in the clusters indicated; 


positions are approximate. (Reconstruction from Blakey 2001.) 


27.7). This supports a model in which a cosmopolitan primitive 
dinosaur community was present prior to large-scale vicariance 
events due to the breakup of Pangea (Shubin and Sues 1991). 
Cluster B represents the Middle Jurassic and the vast majority 
of the Late Jurassic dinosaur communities (figs. 27.4, 27.8, 27.9), 
as well as the Lower Cretaceous La Amarga Formation of Argen- 
tina, Kirkwood Formation of South Africa, and Castellar Forma- 
tion of Spain. These localities all share the presence of various 
combinations of ceratosaurs, basal spinosauroids, and carno- 
saurs among the theropods, and various sauropod clades and 
stegosaurs among the herbivores. Within this cluster are several 


638 DINOSAUR DISTRIBUTION AND BIOLOGY 


subclusters of geographic and/or stratigraphic distinction. Sub- 
cluster B1 contains the few Middle Jurassic communities studied, 
as well as most of the European localities from the Late Jurassic 
and the Early Cretaceous “survivors” of the carnosaur-sauropod- 
stegosaur fauna. Subcluster B2 comprises the Late Jurassic of 
China, with the unique presence of sinraptorids and Mamenchi- 
saurus (the “Mamenchisaurus fauna” of Dong [1992]). Subcluster 
B3 contains the many different localities of the Morrison For- 
mation of western North America, and nested within it, the 
Tendaguru Formation of Tanzania, the Kadsi Formation of 
Zimbabwe, and the Lastres Formation of Portugal. 


FIGURE 27.10. Paleogeographic map of the early part of the Early Cretaceous (Aptian, 120 Ma). Letters indicate the presence of localities in the 
clusters indicated; positions are approximate. (Reconstruction from Blakey 2001.) 


FIGURE 27.11. Paleogeographic map of the late part of the Early Cretaceous (Albian, 105 Ma). Letters indicate the presence of localities in the 
clusters indicated; positions are approximate. (Reconstruction from Blakey 2001.) 


Cluster C contains a few Late Jurassic localities (the Soln- 
hofen of Germany and the Guimarota beds of Portugal) that 
share the small-bodied compsognathid and Archaeopteryx (or 
cf. Archaeopteryx) theropods; the shared presence of the former 
taxon pulls the Lower Cretaceous Santana Formation of Brazil 
into the cluster, and the shared presence of spinosaurine spino- 
sauroids brings in the Lower Cretaceous Koum Formation of 
Cameroun and the Upper Cretaceous Turkana Grits of Kenya. 
Whether future studies will support this assemblage is uncertain. 
Taphonomically, it is interesting to note that at least the first 
three units are atypical paleoenvironments for dinosaur fossils 


(carbonate lagoons producing lithographic limestones for the 
Solnhofen and Santana; a small shallow brackish lagoon pro- 
ducing coal beds for the Guimarota). 

Cluster D contains both Early Cretaceous North American and 
European localities and a few Late Cretaceous European localities 
(figs. 27.4, 27.5, 27.10, 27.11, 27.12). These units include the Clo- 
verly Formation, the Ruby Ranch Member of the Cedar Moun- 
tain Formation, and others that share the presence of dromaeo- 
saurids, carnosaurs (particularly carcharodontosaurids), and 
various primitive iguanodontians (such as Tenontosaurus), anky- 
losaurs (particularly nodosaurids), and brachiosaurid sauropods. 


MESOZOIC BIOGEOGRAPHY OF DINOSAURIA 639 


FIGURE 27.12. Paleogeographic map of the early part of the Late Cretaceous (Turonian Age, 90 Ma). Letters indicate the presence of localities in the 
clusters indicated; positions are approximate. (Reconstruction from Blakey 2001.) 


FIGURE 27.13. Paleogeographic map of the late part of the Late Cretaceous (Maastrichtian, 65 Ma). Letters indicate the presence of localities in the 
clusters indicated; positions are approximate. (Reconstruction from Blakey 2001.) 


Cluster E might be considered the “Greater Wealden,” con- 
taining localities properly in the early Early Cretaceous Wealden 
localities of England and mainland Europe (figs. 27.10, 27.11), 
as well as comparable faunas from southern and central Europe, 
western North America, and Niger. Nearly all these assemblages 
contain the ornithopod Iguanodon and generally share basal eu- 
ornithopods, various theropod clades (including baryonychine 
spinosaurids in some units), and nodosaurid ankylosaurians. 

Cluster F contains most of the best-studied Cretaceous as- 
semblages from Gondwana. These units share the presence of 
carcharodontosaurid, spinosaurine, and/or abelisaurid theropods, 
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abundant titanosaurian sauropods, and occasionally other taxa. 
This cluster is broadly distributed across the southern conti- 
nents in the Cretaceous (figs. 27.11, 27.12, 27.13). Within this 
larger grouping, subcluster F1 includes communities in which 
abelisaurids (and often ornithischians) are lacking; subcluster 
F2 is a Late Cretaceous abelisaurid-titanosaurian community. 
Cluster G (figs. 27.4, 27.5) contains numerous low-diversity, 
predominantly Asian communities of the Early Cretaceous. 
These correspond (in part) to the “Psittacosaurus fauna” of Dong 
(1992). In figure 27.4, this cluster contains the diverse Yixian 
Formation of Liaoning, China; however, in the expanded Cre- 


taceous dendrogram (fig. 27.5), this particular locality clusters 
with younger units in subcluster L2. 

Cluster H contains units similar in composition, but lower 
in diversity, to those in subcluster F1 (i.e., carcharodonto- 
saurids and titanosaurians, brachiosaurids, and/or rebbachi- 
saurid sauropods). 

Cluster I contains marine units of the Cretaceous, and con- 
sequently, the remains of the only fully marine Mesozoic dino- 
saurs (hesperornithiforms), along with nodosaurid and various 
ornithopod ornithischians. Consequently, this cluster may 
indicate a taphonomic rather than a biogeographic grouping. 

Cluster J is the Australian late Early Cretaceous localities, 
sharing the presence of Minmi, Muttaburrasaurus, and various 
basal euornithopods. 

Cluster K brigades together the Late Cretaceous localities of 
Europe, many of them sharing the ornithopod Rhabdodon or 
closely related forms, nodosaurid ankylosaurians, titanosaurian 
sauropods, and dromaeosaurid theropods. 

Cluster L contains most of the localities included in the 
Laurasian fauna of Bonaparte and Kielan-Jaworowska (1987) 
and the Asiamerican assemblages of Le Loeuff (1991a; see figs. 
27.5, 27.10-27.13). Within this cluster of high-diversity assem- 
blages there are several recognizable subunits. Subcluster L1 con- 
tains lower-diversity assemblages from the later Early and early 
Late Cretaceous of the Western Interior of North America. Sub- 
cluster L2 contains Early Cretaceous and earlier Late Cretaceous 
Asian and North American units sharing diverse clades of 
maniraptorans, basal ceratopsians, and ankylosaurids. Subcluster 
L3 is the tyrannosaurid-ceratopsian-hadrosaurid-ankylosaurid- 
pachycephalosaur fauna common to the Late Cretaceous of 
western North America and the more mesic units of Asia during 
the same interval. Intriguingly, the Mussentuchit Member of 
the Cedar Mountain Formation, the oldest known assemblage 
of the Asiamerican fauna in North America (Cifelli et al. 1997b, 
1999a), clusters deeply in L3. Subcluster L4 unites the more xeric 
Late Cretaceous Asian assemblages, sharing diverse manirap- 
torans, protoceratopsids, and ankylosaurids (among other taxa). 

Clusters M, N, and O represent localities found within the 
same temporal and geographic ranges as those in cluster L (with 
rare exceptions, such as the Upper Cretaceous Los Alamitos For- 
mation of Argentina). However, the lower diversity of the lo- 
calities in these particular units isolates them from membership 
in cluster L; they preserve a few of the shared taxa found in that 
Asiamerican assemblage, but the lack of the full panoply found 
at present forces them outside L proper. 

In summary, the cluster analyses support the following 
general pattern of historical biogeography for Dinosauria: 


A largely cosmopolitan Late Triassic and Early Jurassic 
community of herrerasaurids, coelophysoids, 
prosauropods, and basal ornithischian groups; 


A common Middle and Late Jurassic community of 
diverse theropod and sauropod clades and stegosaurs, 
with evidence for differentiation between Europe, Asia, 
and North America plus Africa; 


During the early part of the Early Cretaceous, a “greater 
Wealden” fauna of iguanodontians, nodosaurids, and 
brachiosaurids throughout most of Laurasia; 


At the mid-Cretaceous (Aptian-Cenomanian), 
considerable differentiation between regions: an 
isolated Cloverly community (with Deinonychus, 
Acrocanthosaurus, brachiosaurids, Sauropelta, and 
Tenontosaurus) across North America (and immigration 


of the Asian community at the Albian-Cenomanian 
boundary); a African-South American community of 
carcharodontosaurids, spinosaurids, rebbachisaurids, and 
titanosaurians; a central Asian fauna (the maniraptoran- 
ceratopsian-ankylosaurid community); and low diversity 
faunas of uncertain affinities in other regions; 


During the Late Cretaceous, Asiamerican assemblages 
(in particular a tyrannosaurid-ceratopsian-hadrosaurid- 
ankylosaurid-pachycephalosaur fauna in more mesic 
environments, and a maniraptoran-protoceratopsid- 
ankylosaurid in desert regions), and Gondwanan 
assemblages, comprised of abelisauroids and 
titanosaurians, as proposed by Bonaparte and Kielan- 
Jaworowska (1987); European assemblages contain 
either their distinct rhabdodontid-titanosaurian- 
nodosaurid fauna or have a Gondwanan influence, 

as noticed earlier by Le Loeuff (1991a). 


Information not yet available could greatly modify these re- 
sults. Entire epochs are missing from the paleontological record 
of regions that are otherwise abundant in dinosaurian fossils (e.g., 
the Middle Jurassic dinosaurs of western North America, the 
Early and Late Jurassic of Argentina, the post-Cenomanian of 
mainland Africa). Additionally, both locality and phylogenetic 
information were lost in the study presented here due to the 
operational parameters chosen; as these parameters are refined, 
novel combinations of assemblages might replace those seen 
here. 

So what do we make of the results of the phenetic analysis? 
How do we answer the questions posed in the first part of this 
section? We can answer some of these questions with this first 
attempt at analyzing dinosaur distributions. First of all, despite 
the messy and limited nature of the data for dinosaur distribu- 
tions, the taxonomic approach taken here has been successful 
in extracting significant patterns from the data, although much 
more analysis is needed on both large and small temporal and 
geographic scales. The data cluster with both temporal and geo- 
graphic signals. There is a tendency for geography to be more 
important later in the Mesozoic, which might indicate more 
progressive effects of vicariance as the landmasses separate; how- 
ever, this could also be due to sampling effects caused by the 
smaller number of early localities. There were few anomalous 
connections, and these were mostly due to low-diversity local- 
ities. Additional anomalies will tend to be at a finer taxonomic 
level than we sampled here. The data especially point to how 
different the Late Cretaceous of North America and Asia is from 
that of the rest of the world, especially of Europe (which tends 
to have the look of an older fauna in comparison). The data 
also show the progressive radiation of Dinosauria from rare, low 
diversity, more cosmopolitan localities to higher diversity local- 
ities peaking in the Late Jurassic and Late Cretaceous. 


Regional (Intracontinental) 
Dinosaurian Paleobiogeography 


Although studies of global and intercontinental scale have 
become common in recent years, finer-scale, within-continent 
dinosaur biogeography has attracted little attention. Late Creta- 
ceous (Campanian and Maastrichtian) western North America 
has been the focus of nearly all study of intracontinental dinosaur 
distribution to date, in part because of the excellent combina- 
tion of high-resolution stratigraphy and abundant fossil material 
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for this region during that time interval. Lehman (1987) recog- 
nized three paleoenvironmental zones within the late Maastrich- 
tian of the western interior, corresponding to the piedmont, al- 
luvial plain, and coastal lowland. Distinct herbivorous dinosaur 
assemblages dominate each. The basal neoceratopsian Lepto- 
ceratops is common in the piedmont, whereas the titanosaurian 
sauropod Alamosaurus is abundant in alluvial plain environ- 
ments and the ceratopsid Triceratops dominates coastal lowlands. 
More recently, Lehman (1997, 2001) examined late Campanian 
through latest Maastrichtian dinosaur biogeography in the 
Western Interior. For the Judithian (late Campanian), he found 
a northern Corythosaurus-Centrosaurus fauna (in which crested 
lambeosaurine hadrosaurids and centrosaurine ceratopsids were 
most abundant) in the lowlands of Wyoming, Montana, and 
Alberta; a Maiasaura-Einiosaurus fauna in the uplands of Mon- 
tana; anda southern Kritosaurus-Parasaurolophus fauna (in which 
hadrosaurine hadrosaurids and chasmosaurine ceratopsids were 
dominant over their respective sister taxa). In the Edmontonian 
(latest Campanian through early Maastrichtian), he recorded the 
persistence of the Kritosaurus-Parasaurolophus fauna in the south- 
ern part of the Western Interior; and separate Pachyrhinosaurus- 
Edmontosaurus and Anchiceratops-Saurolophus faunas in the north. 
Lehman (1997, 2001) also noted that the late Maastrichtian 
assemblages of the Western Interior (renamed the Leptoceratops- 
Triceratops, Triceratops-Edmontosaurus, and Alamosaurus- 
Quetzalcoatlus faunas, respectively), including those geographi- 
cally in the same position of the Corythosaurus fauna, more 
closely resembled the Kritosaurus-Parasaurolophus in their dom- 
inance of hadrosaurines and chasmosaurines. Although not 
addressed in his discussion, the tyrannosaurid biogeography of 
the Western Interior probably matches those of the herbivores, 
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with albertosaurines sharing the same distribution as the 
centrosaurines and lambeosaurines, and tyrannosaurines with 
distributions similar to the chasmosaurines and hadrosaurines. 
This suggests common shared habitat preferences between 
the two assemblages of common large-bodied Late Cretaceous 
dinosaurs. 

At an even smaller geographic scale, D. B. Brinkman et al. 
(1998) quantified relative dinosaur abundances in the Campan- 
ian localities of Alberta, increasingly proximal to the Western 
Interior Seaway. Ceratopsid occurrence rose and ankylosaur 
and pachycephalosaur occurrence declined as proximity to the 
paleoshoreline increased. Both Lehman (1987, 1997) and D. B. 
Brinkman et al. (1998) attribute these distributional patterns 
to clade-specific environmental preferences, demonstrating the 
utility of fine-scale biogeography for inferences of dinosaur be- 
havior and/or environmental tolerances. 

Fine-scale dinosaur biogeography remains largely unexplored. 
One extremely fruitful program of study, for which much of the 
primary data is already in hand, would be the dinosaurian bio- 
geography of the Upper Jurassic Morrison Formation. Turner and 
Peterson (1999) have already developed a detailed biostratig- 
raphy for more than 100 dinosaur quarries in this unit. Dong 
(1993c) presented preliminary work on provincialization of 
dinosaur faunas in the Early Cretaceous of eastern Asia; with 
better control over stratigraphy, the abundant fossil localities 
of both the Early and Late Cretaceous of this region might allow 
for a more detailed biogeographic analysis. Additionally, future 
studies may examine dinosaur distribution within single conti- 
nents partitioned into multiple landmasses by epeiric seas: the 
Late Cretaceous of Europe would hold great potential in this 
regard. 


TWENTY-EIGHT 


Physiology of Nonavian Dinosaurs 


ANUSUYA CHINSAMY 
WILLEM J. HILLENIUS 


Ever since dinosaurs were first recognized as a distinct group of 
reptiles, the question of what they were like as living animals 
has sparked considerable interest. In many respects, dinosaurs 
were arguably the most successful of all land vertebrates. With 
their spectacular morphological diversity and impressive size 
range, they dominated the terrestrial fauna from the Late Trias- 
sic to the Late Cretaceous. Their cosmopolitan reign far surpassed 
that of any other group of tetrapods, including mammals. Not 
surprisingly, the possible reason for this unparalleled success— 
their biology—has been the focus of much attention. Dinosaur 
paleobiology remains a vibrant, exciting, and, more often than 
not, highly contentious field of research. 

Over time, perceptions of dinosaur lifestyle and paleobiology 
have been altered repeatedly by new insights and interpretations. 
During the 1820s and 1840s, dinosaurs were generally likened 
to extant reptiles, only bigger, and they were conventionally 
portrayed as dimwitted, sluggish, cold-blooded swamp dwellers. 
Owen (1842b) first challenged these ideas: pointing to postural 
similarities between dinosaurs and such mammals as elephants 
and rhinoceroses, he postulated a mammal-like physiology for 
dinosaurs. Likewise, Huxley (1870) emphasized similarities be- 
tween Archaeopteryx and small (nonavian) theropod dinosaurs. 
However, this idea of an elevated metabolic capacity for dino- 
saurs was short-lived, and most people reverted to the sluggish, 
reptilian models (Lambe 1917a; Colbert et al. 1946, 1947). These 
notions were challenged once again in the 1970s, when the sim- 
ilarities between theropods and birds received renewed atten- 
tion. This “renaissance” view of dinosaurs held that they were 
dynamic, warm-blooded creatures, essentially comparable with 
modern mammals and birds (Russell 1965; Ostrom 1970b; Bakker 
1972, 1975a, 1975b; Ricqles 1974, 1980). These reconstructions 
of hot-blooded dinosaurs were widely embraced and have be- 
come firmly entrenched in the popular media. However, they 
were based, in large part, on the unwarranted assumptions that 
ectothermy necessarily implies a sluggish, inactive lifestyle, and 
that only endothermy could account for the dynamic attributes 
and success of the dinosaurs. Recent decades have seen an in- 
creased appreciation of the complex biology of ectotherms 
(summarized, for example, in an ongoing series of reviews in 
Biology of the Reptilia). This, combined with a more rigorous ap- 
proach for assessing the paleophysiology of fossilized organisms, 
has broadened our understanding of the biology of dinosaurs. 


Thermoregulation versus Aerobic Capacity: 
General Principles 


During the past several decades, one of the most contentious 
issues in dinosaur paleobiology has been their metabolic status: 
were these animals endothermic (like modern mammals and 
birds), ectothermic (like extant reptiles and most other verte- 
brates), or did they possess yet another kind of metabolic phys- 
iology? The answer to this question carries many implications 
for our understanding of the ecology and lifestyles of dinosaurs. 
In these debates, two distinct issues—thermoregulation and 
aerobic capacity (i.e., the capacity for sustainable, oxidative 
metabolism)—are frequently confused. Warm-bloodedness and 
homeothermy are often uncritically equated with endothermy 
and elevated metabolic rates, and ectothermy with poikilo- 
thermy and cold-bloodedness. This oversimplification fails to 
recognize the complexities of the thermal ecology of endotherms 
and, especially, those of ectotherms. In the interest of clarity, we 
provide the following brief outline of these distinct physiologi- 
cal attributes. 


Thermoregulation 


Under conventional laboratory conditions, as well as in strongly 
seasonal, cool-temperate latitudinal zones, differences in the 
thermal strategies of extant endotherms and ectotherms are 
obvious. Through high rates of internal heat production, endo- 
therms are able to maintain a constant body temperature over a 
wide range of ambient thermal conditions, even while at rest. 
Ectotherms, on the other hand, are usually unable to maintain 
an independent body temperature under these circumstances, 
and thus frequently are sluggish even in moderate tempera- 
tures. Such sharply contrasting characteristics formed much of 
the basis for the early reconstructions of sluggish dinosaurs, but 
they also lie at the core of the notions of the supposed compet- 
itive superiority of endotherms and the concept of hot-blooded 
dinosaurs (Bakker 1968, 1971b, 1975a, 1975b, 1980, 1986). 
However, the low resting metabolic rates of extant ecto- 
therms do not preclude the acquisition of high body temper- 
atures or even homeothermy. Under favorable conditions, ex- 
tant reptiles are capable of maintaining a significant thermal 
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gradient between internal and external environments (Pearson 
1954; Schmidt-Nielsen 1990). Many lizards thermoregulate be- 
haviorally during the diurnal activity period, and routinely main- 
tain body temperatures that overlap those of endotherms (see 
Greenberg [1980] and Avery [1982] for reviews). Larger ecto- 
therms, by virtue of their small surface-area-to-volume ratio 
and correspondingly low heat loss rates (high thermal inertia), 
can remain virtually homeothermic in their natural environ- 
ments (Friar et al. 1972; McNab and Auffenberg 1976; Standora 
et al. 1984; Paladino et al. 1990). 

Extrapolating from such observations, Spotila et al. (1973, 
1991; see also Spotila 1980; Paladino et al. 1997; O’Connor and 
Dodson 1999) have constructed heuristic mathematical models 
to examine the biophysical constraints of thermoregulation in 
large animals. These models indicate that thermal inertia in- 
creases with increasing body mass. Regardless of metabolic 
capacity, large-bodied animals tend to become isolated from 
ambient thermal conditions and attain stable internal tempera- 
tures. Consequently, it is not necessary to postulate high, endo- 
thermic metabolic rates to achieve homeothermy in most di- 
nosaurs. Over the size range of dinosaurs (2 to >30,000 kg), these 
models suggest that small individuals (<75 kg) would still be af- 
fected by daily temperature fluctuations. However, moderate- 
sized to large dinosaurs (>500 kg) would be essentially unaffected 
by such changes, and would respond only to fluctuations on a 
weekly-to-monthly scale, even if these animals were recon- 
structed with ectothermic metabolic rates. In fact, endothermic 
metabolic rates would likely have put large dinosaurs (+1000 kg) 
at risk of overheating, even at moderate temperatures (Spotila et 
al. 1991; Paladino et al. 1997; O’Connor and Dodson 1999). Note 
that no particular adaptations, other than large size, are required 
to attain inertial homeothermy (contra Padian 1997b), although 
enhanced vascular control of heat loss could refine the thermo- 
regulatory abilities of such animals (Paladino et al. 1990; Pal- 
adino and Spotila 1994). 

Taking into consideration the comparatively warm and 
equable climatic conditions of the Mesozoic, Spotila et al. (1973, 
1991) and O’Connor and Dodson (1999) conclude that, between 
behavioral thermoregulation and thermal inertia, ectothermic 
dinosaurs would have been capable of attaining high body tem- 
peratures and remaining homeothermic for extended periods of 
time. However, at high latitudes during the more seasonal Late 
Cretaceous, such animals might have had to resort to hibernation 
or migration. This is not meant to suggest that dinosaurs could 
not have been endothermic, but to emphasize that, even if they 
were ectothermic, this by no means implies that they were lim- 
ited to having low body temperatures or a sluggish lifestyle. 


Aerobic Capacity 


Although the thermal profiles of endotherms and ectotherms 
may effectively converge under the right conditions, the funda- 
mental physiological difference between ectotherms and endo- 
therms lies in their aerobic capacities. Endotherms have much 
higher rates of cellular oxygen consumption: even at rest, mam- 
malian and avian metabolic rates are usually about 5-15 times 
greater than those of reptiles of the same body mass and temper- 
ature (Bennett 1973, 1982, 1991; Bennett and Dawson 1976; Else 
and Hulbert 1981; Schmidt-Nielsen 1984, 1990). In the field, the 
metabolic rates of mammals and birds usually exceed reptilian 
rates by about a factor of 20 (Nagy 1987). To support such high 
rates of aerobiosis, endotherms have made profound structural 
and functional modifications to facilitate the assimilation of 
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oxygen in the tissues. Both birds and mammals have highly 
specialized lungs with greatly increased pulmonary capacity 
and ventilation rates (Duncker 1978, 1989; Perry 1983), fully seg- 
regated pulmonary and systemic circulations, and expanded 
cardiac outputs (Romer and Parsons 1986; Bennett 1991; Kar- 
dong 2002). They also have greatly increased blood volume and 
blood oxygen carrying capacities (Bennett 1973, 1991; Schmidt- 
Nielsen 1990), increased mitochondrial density and enzymatic 
activities (Else and Hulbert 1981, 1985; Ruben 1991, 1995), as 
well as altered membrane protein and phospholipid content 
(Ruben 1995). 

Unfortunately, however, these key signals of endothermy 
are not preserved in fossils. Consequently, most previous dis- 
cussions about the metabolic status of extinct groups have relied 
primarily on speculative and/or circumstantial evidence, such 
as predator/prey ratios, fossilized trackways, and paleoclimato- 
logical inferences, or on correlations with mammalian or avian 
morphology, such as posture, brain size, and bone histology. 
Subsequent reviews of these approaches have revealed that vir- 
tually all of these arguments are equivocal, at best (Bennett and 
Dalzell 1973; Bennett and Ruben 1986; Farlow 1990; Chinsamy 
1994; Farlow et al. 1995a). 

Fisher et al. (2000) describe evidence of what they claim is a 
fossilized four-chambered heart with a fully partitioned ven- 
tricle in Thescelosaurus. These authors suggest that the absence 
of a foramen of Panizza between the ventricles and the presence 
of a presumed single aortic arch argue for an intermediate or 
higher metabolic rate in this ornithischian. However, in addi- 
tion to lingering questions about nature of the concretion 
(Morell 2000; Stokstad 2000), several anatomical errors and 
questionable assumptions cast serious doubts on this interpre- 
tation. Contrary to the authors’ assumptions, the ventricles of 
extant crocodilians are, like those of birds, fully separated; the 
foramen of Panizza is located at the base of the aortic arches and 
not between the ventricles (Goodrich 1930; White 1968, 1976; 
Franklin et al. 2000). A four-chambered heart is thus present in 
both crocodilians and birds, and its presence among dinosaurs 
is not only a safe inference, it is also not informative about pos- 
sible metabolic rates of these animals. The presence of a single 
aortic arch would have been more diagnostic, but the authors 
cannot substantiate that only one arch was present. As neither 
the pulmonary arteries nor the carotids are preserved (Fisher 
et al. 2000), it is clear that the cardiovascular complex is in 
completely preserved. Significantly, its left side, where the “miss- 
ing” aortic arch would most likely have been, was lost to erosion. 
Consequently, this material provides little, if any, insight into 
the metabolic physiology of these animals. 

Recently, the oxygen isotopic (01°/O1!8) composition of 
fossilized bone phosphate has been used to assess the thermal 
physiology of dinosaurs (Barrick and Showers 1994, 1995; Bar- 
rick et al. 1996, 1997). The preserved isotope ratios purportedly 
reflect in vivo body temperatures, and the apparent lack of intra- 
bone and especially interbone variation in a variety of dinosaurs 
was presumed to signal the presence of homeothermy and high 
metabolism. Unfortunately, in addition to uncertainties regard- 
ing the stability of bone oxygen isotopes during the fossilization 
process (Hubert et al. 1996; Kolodny et al. 1996), several assump- 
tions render these conclusions doubtful. First, as Reid (1997b) 
also pointed out, Barrick and Showers (1994, 1995) and Barrick 
et al. (1996, 1997) assumed that bone deposition rates are equally 
continuous in the different bones compared. However, the vari- 
able distribution of rest lines (annuli or lines of arrested growth 
[LAG]; see below) reported among different bones of many dino- 
saurs (Reid 1990, 1996) indicates that this assumption is often 


not supported. Second, Barrick and Showers (1994) and Barrick 
et al. (1996, 1997) incorrectly apply a definition of homeo- 
thermy, which delimits only the temperature fluctuations of 
body core (Bligh and Johnson 1973), to thermal variation be- 
tween the body core and the extremities. In fact, extant endo- 
therms are typically a thermal mosaic, and the temperatures 
of their extremities are routinely closer to ambient temperatures 
(Scholander 1955; Schmidt-Nielsen 1990). This means that, in 
particular, interbone temperature variations have no bearing on 
homeothermy. Third, these authors assume that homeothermy 
can only be accounted for through endothermic physiology; 
this assumption has been repeatedly falsified (see above). Con- 
sequently, these studies on oxygen isotopes of dinosaur bone re- 
veal little, if any, definitive information about dinosaur meta- 
bolic status. 

When discussing dinosaur physiology, several additional 
points are worth bearing in mind. The first is that endothermy 
is a derived attribute convergently found in mammals and birds 
(Gauthier et al. 1988b; Kemp 1988), whereas ectothermy is the 
primitive condition for vertebrates (Crompton et al. 1978; Ben- 
nett and Ruben 1979; Bennett 1991; Ruben 1995; Farmer 2001). 
This implies that in the case of extinct taxa, such as dinosaurs, 
in which the metabolic status is in question, it is inherently 
more conservative to infer ectothermy as the primitive condi- 
tion until an unambiguous argument can be made for a depar- 
ture from this state to a derived condition. Most workers agree 
that the closest living relatives of dinosaurs include (ecto- 
thermic) crocodilians and (endothermic) birds, although the 
exact nature of the evolutionary relations between birds and 
dinosaurs remains controversial (Burke and Feduccia 1997; Fe- 
duccia 1999; Dodson 2000). We take no position in these phylo- 
genetic discussions, but point out that if nonavian dinosaurs are 
bracketed by extant birds and crocodilians, arguments for a de- 
rived, birdlike metabolic status must necessarily be founded on 
so-called “level II inferences” (Witmer 1995a). Such inferences 
require explicit identification of preserved attributes that have 
strong, causally linked functional associations with markedly 
elevated resting metabolic rates before presence of endothermy 
may be inferred. Based solely on the hypothesized close phylo- 
genetic affinity of birds and theropod dinosaurs, Padian and 
Horner (2002, this vol.) have argued that endothermic features 
must have evolved in nonavian theropods or a broader ancestral 
group. This would be a legitimate inference only if basal birds 
(e.g., Archaeopteryx, Rahonavis, Patagopteryx, Vorona, Confuciusor- 
nis) had already achieved full endothermic status, a conclusion 
that has never been established and one that has repeatedly been 
disputed (Ruben 1991; Chinsamy et al. 1994; Chinsamy 2000, 
2002; Jones and Ruben 2001). The evolution of endothermy, 
with its many requisite structural and functional modifications, 
was likely a protracted process of gradual, cumulative physio- 
logical and morphological improvements (see also Bennett and 
Ruben 1979; Ruben 1995). However, questions of when endo- 
thermic attributes were acquired in any evolutionary lineage 
can only be answered with positive evidence of osteological, or 
at least fossilizable, functionally linked attributes of this derived 
physiological status. Until such evidence is revealed, the case for 
endothermic dinosaurs must be considered unsubstantiated. 

The second point to bear in mind is that considerable varia- 
tion in metabolic capacity often does exist among conspecific 
individuals and populations, among closely related species, and 
among families and orders within classes (Nagy et al. 1984; 
Ruben 1995); such variation is often strongly correlated with di- 
etary habits (McNab 1986a, 1986b, 1988). However, as O’Connor 
and Dodson (1999) point out, such differences are comparatively 


minor relative to the 5-15-fold differences that exist between 
extant endotherms and equivalent-sized reptiles (Bennett and 
Dawson 1976; Else and Hulbert 1981). Even the low basal meta- 
bolic rates of monotremes, when corrected for the low temper- 
ature set point of these animals (accounting for Q,, effects), are 
within 5% of the mean for all mammals and nonpasserine birds 
(Schmidt-Nielsen 1984). Although the reasons for such highly 
conserved metabolic rates remain poorly understood, it seems 
likely that the suite of attributes that support a particular meta- 
bolic strategy is under strong intrinsic constraint (Taylor and 
Weibel 1981; Weibel 2000). For example, a highly modified lung 
cannot provide much metabolic benefit (i.e., is not selectively 
advantageous) unless the circulatory system and the cellular 
physiology are adjusted to process the additional oxygen. Such 
physiological and morphological constraints would tend to re- 
strict the ability of closely related taxa to have greatly divergent 
metabolic rates. It is therefore unlikely, for instance, that iguano- 
dontids would have a profoundly different metabolic status 
than hadrosaurids. Nor is it likely that taxa could have switched 
from endothermy early in life to ectothermy at maturity (as sug- 
gested by Horner and Lessem [1993]), or alternated seasonally 
between these two states (as suggested by Farlow [1990]). True, 
many small mammals and some birds can, under certain cir- 
cumstances, avoid unfavorable conditions by opting out of high- 
cost endothermic metabolism and go into torpor or hibernation, 
and some larger mammals, such as some bears, also maintain 
lower-than-normal body temperatures during a “winter sleep” 
(Schmidt-Nielsen 1990; Randall et al. 2002). However, none of 
these animals maintains activity during these highly specialized 
and tightly regulated avoidance behaviors: no extant forms 
alternate between ectothermic and endothermic modes while 
remaining active. 

Finally, one of the principal factors affecting metabolic rates— 
aside from metabolic status—is body mass. Large animals, be- 
cause of their greater volume of metabolizing tissues, inherently 
have greater overall metabolic rates than small mammals, even 
at rest. However, per unit mass, the tissues of the larger animal 
consume less oxygen than those of the smaller animal; mass- 
specific basal metabolic rates are therefore higher in small ani- 
mals than in larger ones. Again, the underlying physiological 
causes for this somewhat counterintuitive scaling phenomenon 
are not clear (for a discussion, see Schmidt-Nielsen [1990], 
Darveau et al. [2002], and Randall et al. [2002]), but this rela- 
tionship has been documented for all vertebrate and inverte- 
brate animal groups (Hemmingsen 1960), and almost certainly 
applied to dinosaurs as well (Reid 1997b). Padian and Horner 
(2002, this vol.) were thus correct in stating that small thero- 
pods most likely had higher mass-specific basal metabolic rates 
than did large forms. However, this has no implication for the 
metabolic status of these animals (see also Reid 1997b): scaling 
alone cannot make small theropods move closer to endothermic 
levels than large ones. Large mammals are not less endothermic 
than small ones, and small crocodilian species are no closer to 
an avian metabolic status than are the larger species. 

To understand the physiological and functional aspects of 
dinosaurs, we also rely on pattern matching (Coombs 1990a). 
This involves analytical comparisons with their extant relatives 
(birds, crocodilians, and other sauropsids), as well as compar- 
isons with mammals when considering other aspects of pattern 
matching, such as their closest living morphological equiva- 
lents, closest living ecological equivalent, and their closest living 
behavioral equivalent. 

A number of reviews of nonavian dinosaur physiology have 
been published in recent years (Farlow 1990; Farlow et al. 1995a; 
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FIGURE 28.1. Nasal passages of extant amniotes. Reptiles, such as crocodilians (top), have up to three 
simple nasal conchae, all of which are exclusively covered with olfactory epithelium. In contrast, birds 
(center left) and mammals (bottom left) possess additional complex respiratory turbinates. Cross 
sections of the respiratory turbinates of representative birds (center right) and mammals (bottom right) 


are also shown. (Modified from Hillenius 1994.) 


Padian 1997b; Reid 1997b), and to avoid a reiteration of these 
works, we will not revisit these earlier arguments. However, sev- 
eral new approaches and recent discoveries of soft tissues in non- 
avian dinosaurs have shed additional light on the physiology of 
these animals. In this chapter, we look specifically at new evi- 
dence pertaining to dinosaur energetics and thermoregulation. 


Respiratory Turbinates and Resting 
Metabolic Rates in Nonavian Dinosaurs 


Function of Respiratory Turbinates in Extant Amniotes 


Nasal turbinates, or conchae, are convoluted bony or cartilagi- 
nous projections from the walls of the nasal cavity. These struc- 
tures are found in most modern amniotes, and range in com- 
plexity from comparatively simple curls in reptiles to elaborately 
scrolled or branched structures in birds and mammals (fig. 28.1). 
The turbinates are covered with moist epithelia and principally 
serve to increase the surface area available to these membranes. 

Two distinct kinds of turbinates—olfactory and respiratory— 
are recognized in extant amniotes. These are distinguished by 
the kind of epithelium they bear, as well as their location in the 
nasal cavity (Parsons 1971; Hillenius 1994). Olfactory turbinates 
are nearly ubiquitous among amniotes. These are lined with 
olfactory sensory epithelium and are generally situated outside 
the main path of respiratory air. They function specifically to 
enhance the sense of smell, and are unrelated to metabolic phys- 
iology (Hillenius 1994). In contrast, respiratory turbinates are 
found only among birds and mammals; they are completely 
absent in all modern reptiles. In both mammals and birds, the 
respiratory turbinates project directly into the main nasal air 
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stream, are covered exclusively with non-sensory respiratory 
epithelium, and havea distinct functional association with endo- 
thermy (Hillenius 1992, 1994; Ruben 1996; Geist 2000). 

Among birds and mammals, chronically elevated rates of lung 
ventilation (a consequence of having elevated rates of metabo- 
lism even while resting—a key attribute of endothermy) could 
result in potentially deleterious desiccation and heat loss rates, 
as large volumes of warm, humid air are expelled from the 
lungs. However, respiratory turbinates provide a compensatory 
mechanism by absorbing a substantial portion of the heat and 
moisture contained in respiratory air through a mechanism of 
intermittent countercurrent exchange (Jackson and Schmidt- 
Nielsen 1964; Schroter and Watkins 1989; Hillenius 1992, 1994; 
Geist 2000). In the absence of such a recovery mechanism, res- 
piratory heat and water loss rates associated with continuously 
high rates of oxidative metabolism and lung ventilation would 
likely exceed tolerable levels, and endothermy itself might well 
be unsustainable (Hillenius 1992; Ruben 1995; Geist 2000). Sig- 
nificantly, total surface area of the respiratory turbinates in both 
mammals and birds scales proportionately with mass-specific 
resting metabolic rates—both are proportional to body mass®-75 
(Owerkowicz and Crompton 2001). 

Respiratory turbinates are present in all extant nostril- 
breathing terrestrial mammals and birds; they are reduced or 
absent only in extremely rare cases, most of which occur in 
aquatic specialists, such as whales, cormorants, and pelicans 
(Hillenius 1994; Ruben et al. 1996). The widespread presence 
of respiratory turbinates among extant endotherms strongly 
suggests that it is very difficult for these animals to circumvent 
the need for these structures through alternative sites or mech- 
anisms for water recovery. Note that, energetically, respiratory 
turbinates are comparatively cheap to operate: the counter- 


current exchange mechanism incurs no physiological energy 
expense (Collins et al. 1971). This contrasts sharply with poten- 
tial alternative water recovery mechanisms, such as salt glands 
or enhanced kidney function, which require significant, and 
continuous, investments of cellular energy to function (Schmidt- 
Nielsen 1990; Randall et al. 2002). Maintenance of a counter- 
current exchange mechanism in any portion of the respiratory 
tree other than the nasal cavity would be untenable: such ex- 
change sites in the body cavity would necessarily preclude deep- 
body homeothermy, and the presence of such a system in the 
trachea would likely interfere with the stability of brain tem- 
peratures, because of the proximity to the brain-bound carotid 
arteries (Ruben et al. 1997b; Jones and Ruben 2001). The fact 
that deep nasopharyngeal temperature virtually equals core 
body temperature in extant mammals (Ingelstedt 1956; Jackson 
and Schmidt-Nielsen 1964; Proctor et al. 1977) and birds (Geist 
2000) confirms that little or no heat exchange takes place in 
the trachea. Finally, the widespread presence of respiratory 
turbinates among extant mammals and birds also indicates that 
these structures are likely a plesiomorphic attribute for each 
of these groups (Hillenius 1992, 1994; Geist 2000); all cases of 
turbinate reduction or absence among these taxa clearly rep- 
resent secondary, specialized developments. 

In contrast to the nearly ubiquitous presence of respiratory 
turbinates in endotherms, these structures are entirely absent 
in all extant ectotherms (Parsons 1971), nor are there other 
modifications of the nasal cavity designed specifically for the re- 
covery of respiratory water vapor. Lung ventilation rates of these 
animals are sufficiently low that respiratory heat and water loss 
rates seldom create problems (Geist 2000; Randall et al. 2002). 
Note that nasal heat exchange and modest recovery of respira- 
tory moisture do occur in thermoregulating reptiles (Murrish and 
Schmidt-Nielsen 1970; Schmidt-Nielsen 1984). However, with- 
out complex respiratory turbinates, the simple nasal passages 
of ectotherms are effective only at low ventilation rates; for the 
chronically higher rates of metabolism and ventilation charac- 
teristic of mammalian and avian endothermy, specialized respi- 
ratory turbinate systems are necessary for complete heat and 
water exchange (Jackson and Schmidt Nielsen 1964; Schroter 
and Watkins 1989; Hillenius 1992, 1994; Geist 2000). 

Recent embryological and anatomical studies confirm that 
the respiratory turbinates are neomorphic structures in mam- 
mals and birds, which arose independently in each lineage (Wit- 
mer 1995b). The most parsimonious conclusion is that these 
structures evolved in concert with expanding metabolic and 
lung ventilation rates and the origin of endothermy (Hillenius 
1994). Consequently, the presence or absence of respiratory 
turbinates among fossil amniotes may be a good indicator of 
the minimal routine, resting ventilation rates and, by extension, 
metabolic rates of these taxa (Hillenius 1994; Ruben et al. 1996; 
Jones and Ruben 2001). In other words, respiratory turbinates 
are exactly the kind of attribute to look for to corroborate a 
level Il inference of endothermy, particularly in those animals 
often thought to represent the evolutionary precursors to ex- 
tant endotherms. 


Were Respiratory Turbinates Present 
among Nonavian Dinosaurs? 


Although turbinates are occasionally found preserved in the fos- 
sil record (olfactory turbinates in phytosaurs [Camp 1930], and 
both respiratory and olfactory turbinates in early mammals 
[Lillegraven and Krusat 1991)), the fragile nature of the turbinates 


usually precludes their preservation in fossils. Furthermore, al- 
though they ossify or calcify in many extant taxa, the turbinates 
often remain cartilaginous in birds, further decreasing their 
chances for preservation. However, Ruben et al. (1996) point out 
that a correlation exists between the presence of respiratory 
turbinates in extant mammals and birds and a marked expan- 
sion of the proportionate cross-sectional area of the respiratory 
portion of the nasal cavity (cavum nasi proprium; fig. 28.2). Com- 
plex respiratory turbinates form a significant resistance to air- 
flow in the nasal passage of endotherms, which already have 
elevated ventilation and nasal airflow rates compared with 
equivalent-sized ectotherms. The expansion of the nasal pas- 
sages in endotherms noted by Ruben et al. (1996) probably 
serves to ameliorate problems associated with resistance to air- 
flow, thereby keeping the energetic cost of ventilation to a mini- 
mum (Kao 1972; West and Jones 1975; Staub 1991). 

Computed tomography (CT) scanning techniques have 
greatly facilitated the noninvasive study of the nasal passages 
of dinosaurs, especially of incompletely prepared material, in 
which traces of the fragile turbinates might still be preserved. 
Ruben et al. (1996) used CT techniques to examine the nasal re- 
gions of Nanotyrannus, Ornithomimus, and Hypacrosaurus. In all 
three cases, they found no evidence of preserved respiratory tur- 
binates, although remnants of olfactory turbinates were clearly 
present in the caudal region of the nasal cavity of Nanotyrannus. 
Moreover, the scans revealed that in the two theropods, large 
maxillary sinuses occupied a considerable portion of the ros- 
trum and restricted the respiratory portion of the nasal cavity to 
a narrow, tubular passage (fig. 28.2). There is no sign of an 
expanded cavum nasi proprium similar to that of mammals or 
birds; in fact, the proportional diameter of this region in these 
theropods is virtually identical to that of extant ectotherms 
(fig. 28.2). Jones and Ruben (2001) point out that similar maxil- 
lary sinuses were also present in other tetanuran theropods (and 
in many nonornithurine birds; Witmer 1997a, 1997b); presum- 
ably their respiratory passages were similarly restricted. 

Two separate conclusions may be derived from these obser- 
vations (Ruben et al. 1996; Jones and Ruben 2001): (1) without 
preserved respiratory turbinates, there is no concrete evidence 
to corroborate a level II reconstruction of avianlike, markedly el- 
evated resting ventilation rates for these theropods; and (2) the 
restricted dimensions of the respiratory passage suggest that not 
only were such turbinates not preserved in the fossils, they were 
most likely also absent in life. If so, this suggests that chronic 
respiratory water loss was not a significant problem for these 
animals, and that resting ventilation rates were probably low 
compared with modern avian rates. It is possible that the resting 
ventilation rates of some or all nonavian theropods were mod- 
estly higher than most reptilian rates, but not yet so high as to 
warrant compensatory mechanisms to control respiratory water 
loss. However, at present, there is no positive evidence to con- 
firm that resting ventilation rates of any nonavian theropods had 
expanded significantly beyond those of extant reptiles. Note 
that these observations reveal little about the capacity for max- 
imal ventilation rates and oxygen consumption during periods 
of activity. 

Hypacrosaurus had a similar narrow, ectotherm-like nasal 
passage (fig. 28.2), and, as in the nasal passages of the theropods 
discussed above, there is no reason to believe it contained respi- 
ratory turbinates (Ruben et al. 1996). In the supracranial crest, 
the upper end of the lambeosaurine nasal passage, including that 
of Hypacrosaurus, comprises a complex of curved passages and 
blind diverticula (Lambe 1920; Weishampel 1981a), but these 
relate to olfactory functions (Horner et al. 2001) and possibly 
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FIGURE 28.2. Relation of the cross-sectional area of the respiratory nasal passage (cavum nasi proprium) to 
body mass in extant endotherms (birds and mammals) and ectotherms (lizards and crocodilians), and three 
genera of Late Cretaceous dinosaurs Hypacrosaurus, Nanotyrannus, and Ornithomimus. Stippled areas in the 
inset CT cross sections through the rostrum indicate the nasal passages. The data from the dinosaurs were 
not used in regression calculations. (Modified from Ruben et al. 1996.) 


to sound production (Weishampel 1981b, 1997). Analogously, 
several other ornithischian groups (ceratopsids, hadrosaurine 
ornithopods), as well as many sauropods, have made extensive 
modifications to their narial regions, often resulting in enor- 
mously expanded narial fossae. Interestingly, in every case, these 
are independently derived developments, as they are lacking 
in the basal members of each clade (Dodson and Currie 1990; 
Weishampel et al. 1993; Upchurch 1995). Although Witmer 
(2001a) emphasized that the fleshy nostril was most likely lo- 
cated far forward in the bony narial opening or fossa in all dino- 
saurs, which places the full length of the narial apparatus in the 
nasal airstream, the functional significance of the expanded 
narial regions of the forms mentioned remains unclear. A va- 
riety of functions have been proposed, including visual or 
acoustic signaling (Hopson 1975b), excretory functions (Osmol- 
ska 1979; Whybrow 1981), and heat exchange associated with 
brain cooling (Wheeler 1978), but none of these proposals has 
been corroborated. At present, there is no particular reason to 
suspect that the expanded narial regions were associated with 
reducing respiratory water loss in association with elevated rest- 
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ing metabolic rates: in both extant mammals and birds, these 
functions are invariably performed by the turbinates in the 
cavum nasi proprium, and the contribution of the narial region is 
minimal. However, an analogous development of a narial con- 
chal complex also cannot be completely ruled out either; clearly, 
this is an area deserving of more attention (Witmer and Samp- 
son 2000; Witmer 2001b). 


Lung Structure, Ventilation, and 
Elevated Active Metabolic Rates 


In both mammals and birds, highly modified lungs capable 
of sustaining high rates of respiratory gas exchange support the 
high aerobic activity capacity associated with endothermy. Both 
lung morphology and ventilatory mechanisms of endotherms 
are distinct from those of ectotherms, although birds and mam- 
mals follow two fundamentally different patterns. In this light, 
information on dinosaurian lung structure can provide direct 
clues about the activity capacity of these animals. Several recent 


discoveries have yielded surprising new insights into the way 
dinosaurs may have lived and breathed. 


Lungs of Extant Amniotes 


Mammals have bronchioalveolar lungs, whereas reptiles and 
birds have septate lungs. The mammalian respiratory system 
consists of a hierarchical system of branching air passages (the 
respiratory tree). The single trachea divides into two bronchi, 
which in turn subdivide into bronchioles. These further sub- 
divide 20 or more times, ultimately yielding over a million or 
more tubes, which end in highly vascularized, thin-walled sacs 
called “alveoli” (approximately 10 microns in diameter). The 
alveoli are distributed homogeneously throughout the lung and 
cumulatively provide a large respiratory surface area (Duncker 
1978, 1989; Perry 1983). As a result, mammalian lungs have a 
comparatively high anatomical diffusion factor (ADF), a mass- 
specific measure of the ratio of total vascularized pulmonary 
respiratory surface area to mean pulmonary blood-gas barrier 
thickness. For comparative purposes, ADF is a useful index for 
the maximal gas exchange capacity of the lung (Duncker 1989). 
Ventilatory airflow in the mammalian lung is bidirectional (i.e., 
air flows in and out of the alveoli, but not through them), and 
each alveolus functions in a bellows-like manner. During in- 
halation, individual alveoli fill passively under negative intra- 
pulmonary (alveolar) pressure generated by costal expansion 
and/or diaphragmatic contraction. Exhalation occurs largely 
as a result of increased intrapulmonary pressure, caused by the 
elastic recoil of the alveoli. Consequently, during the respiratory 
cycle, each alveolus participates actively in gas exchange as well 
as in ventilation. This combination of attributes enables the 
mammalian lung to sustain the high maximal rates of oxygen 
consumption associated with extended periods of aerobic exer- 
cise in endotherms. 

The lung morphology of modern sauropsid amniotes differs 
fundamentally from the bronchioalveolar lungs of mammals. 
Further differences in lung morphology occur between avian 
and nonavian sauropsids. The lung of nonavian sauropsids is 
comparable with a single, oversized mammalian alveolus at the 
end of a single bronchus. Septal ingrowths finely partition the 
wall of the lung into a system of vascularized, honeycomb-like 
cells called “ediculae” or “faveoli”; in many reptiles, a second 
generation of larger septae subdivides the lumen of the lung into 
two or more chambers (Duncker 1978, 1989; Perry 1983). Respi- 
ratory exchange occurs principally on the walls of the ediculae/ 
faveoli, but these are generally less well vascularized than the 
mammalian alveoli. Total respiratory surface area is significantly 
less than that of similar-sized mammals and birds, and reptilian 
septate lungs have comparatively low ADF values (Perry 1983; 
Duncker 1989). As a result, reptilian lungs are intrinsically lim- 
ited, compared with those of mammals and birds, in their capac- 
ity for gas exchange (Ruben et al. 1997a, 1998b). These limitations 
may be partially circumvented through increased ventilation 
(Hicks and Farmer 1998, 1999), but here reptiles face additional 
constraints. 

As in mammals, ventilatory airflow in reptilian lungs is bi- 
directional, but unlike the mammalian alveoli, the respiratory 
ediculae or faveoli have only limited elastic recoil properties and 
therefore contribute little to the movement of air during in- 
halation or exhalation (Duncker 1978; Perry 1983). Instead, res- 
piratory gases move in and out of the ediculae/faveoli primarily 
through diffusion (Duncker 1978, 1989). In partial compensa- 
tion, many reptiles maintain a large part of the lung asa less vas- 


cularized, but more compliant region, whose primary function 
is to assist in ventilation of the vascularized portions, resulting 
in a functionally and morphologically heterogeneous, multi- 
chambered lung system (Duncker 1978; Perry 1983). The total 
lung volume of reptiles, therefore, usually exceeds that of 
similar-sized mammals and birds (Tenney and Tenney 1970; Perry 
1983). However, lung volume is itself constrained by the pres- 
ence of other organ systems in the abdominal cavity, and the 
volume of reptilian septate lungs cannot be expanded suffi- 
ciently to attain gas exchange rates equivalent to those of mam- 
mals and birds. Furthermore, most terrestrial reptiles have a 
mechanical constraint on lung ventilation during locomotion, 
because the locomotor action of their costal musculature inter- 
feres with its ventilatory action (Carrier 1987, 1991). No extant 
reptile is capable of achieving maximal aerobic respiratory 
exchange rates greater than about 15%-20% of those of most 
endotherms (Hicks and Farmer 1998, 1999; Ruben et al. 1998b). 
Even in a best-case scenario based on hypothetical improve- 
ments of the circulatory system and optimized pulmonary dif- 
fusion capacity, the reptilian septate lung attains no more than 
57% of these rates, and thus barely overlaps with some of the 
less active mammals (Hicks and Farmer 1998, 1999; Ruben et al. 
1998b). The nonavian septate lung is inherently constrained 
from supporting respiratory exchange that is consistent with 
maximal aerobic metabolic rates of active endotherms. 

Birds, like all sauropsids, also possess septate lungs, but avian 
lungs are highly modified from those of their sauropsid ances- 
tors (Duncker 1971, 1974; Perry 1983, 1992). The avian trachea 
divides into two bronchi; however, each bronchus continues 
through the lung and connects with the cranial and caudal air 
sacs. The intrinsic limitations on gas exchange of the reptilian 
septate lung are circumvented in birds by modifying the dor- 
sal edicular/faveolar portions into a system of narrow, parallel 
tubes called “parabronchi.” Along their length, the parabronchi 
give off numerous air capillaries (1 micron in diameter, and 
thus much smaller than the mammalian alveoli). The air cap- 
illaries intertwine with blood capillaries and are the sites for 
gas exchange (King 1966; Duncker 1971, 1972, 1974; Perry 1983; 
McLelland 1989a). The total surface area of the vascularized 
portions of the lung is comparable to or greater than that of a 
similar-sized mammal, and as a result, the ADF of most avian 
lungs usually exceeds even that of mammals (Perry 1983, 2001; 
Duncker 1989; Powell 2000). To prevent collapse of the air cap- 
illaries, the respiratory portion of the lung must remain rigid 
and is therefore firmly attached to the dorsal portion of the 
ribcage (Duncker 1978, 1989). Air is drawn into the lungs by ex- 
pansion and contraction of the air sacs (derived from the non- 
vascular pulmonary chambers of the ancestral reptilian lung 
{Duncker 1978; Perry 1983, 1992]) that surround the lung and act 
as bellows (Bretz and Schmidt-Nielsen 1971, 1972; Powell and 
Scheid 1989; Scheid and Piiper 1989). In the paleopulmo (the 
main portion of the lung), airflow through the parabronchi is 
unidirectional. Many birds, especially Passeriformes, have, in 
addition, a smaller neopulmonic region, in which the para- 
bronchi are less highly organized, and in which airflow appears 
to be bidirectional (Duncker 1971, 1972, 1974; Perry 1983, 1992; 
Maina 1989). The unique pattern of air flow through open- 
ended parabronchi in both the paleopulmo and neopulmo por- 
tions of the lung allows a crosscurrent flow of air and blood in 
the lung; air passes through the parabronchial lung in a caudal- 
to-cranial direction, and because blood moves in a generally 
perpendicular direction, it continuously meets air with a high 
oxygen content (Tucker 1968; Scheid 1979; Piiper 1989). Cross- 
current gas exchange is more efficient than alveolar gas exchange, 
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and this attribute is largely responsible for the high oxygen- 
extraction capacity of the avian lung and the high capacity for 
oxygen consumption characteristic of avian physiology, despite 
the small avian lung volume (Piiper and Scheid 1972, 1975, 1982; 
Scheid and Piiper 1972; Morgan et al. 1992; Maloney and Daw- 
son 1994; Powell 2000). 


Ventilation 


Extant amniotes utilize a variety of musculoskeletal mechanisms 
to ventilate their lungs. Lizards and snakes tend to rely on sim- 
ple costal ventilation, in which alteration of intrapulmonary 
pressure results from expansion and contraction of the ribcage; 
presumably, this is the primitive condition of pulmonary ven- 
tilation for tetrapods (Gans 1970; Carrier 1987). Some lizards 
augment costal ventilation with contractions of the throat mus- 
culature during and after bouts of vigorous activity (Brainerd 
and Owerkowicz 1996; Owerkowicz et al. 1999). 

Costal action also contributes to lung ventilation in mammals 
and crocodilians. However, both crocodilians and mammals 
rely extensively on active, diaphragm-assisted lung ventilation, 
whereby a transverse septum, or diaphragm, completely divides 
the visceral cavity into pleuropericardial and abdominal regions. 
In mammals, the diaphragm is itself extensively muscularized, 
and its contraction results in expansion of the pleural cavity 
and filling of the lungs (Ruben et al. 1987; Bramble and Jenkins 
1993). In contrast, the crocodilian diaphragm is nonmuscular 
and consists of a sheet of connective tissue that closely adheres 
to the cranial surface of the liver. Inspiratory movement is pro- 
vided by pairs of longitudinal muscles that extend from the lat- 
eral edges of the liver to the pubis, the caudal gastralia, and the 
preacetabular process of the ischium. Contraction of these dia- 
phragmatic muscles results in a pistonlike caudal displacement 
of the liver-diaphragm complex, which inflates the lungs (Gans 
and Clark 1976; Ruben et al. 1997a). 

Birds, like lizards, rely principally on costal lung ventilation 
and lack amammal-like or crocodilian-like diaphragm. However, 
the ribcage and sternum of birds are highly modified to facili- 
tate ventilation of the abdominal air sacs. Avian ribs possess a 
unique system of synovial intercostal and sternocostal joints, 
which allows a pendulum-like movement of the sternum and 
shoulder girdle in the sagittal plane. Significantly, the distal end 
of each sternal rib is transversely expanded and forms a robust 
hinge joint with the thickened craniolateral border of the ster- 
num. Costal action results in a dorsoventral rocking motion 
of the caudal end of the enlarged sternum, which expands and 
contracts the air sacs (King 1966; Schmidt-Nielsen 1971; Bracken- 
bury 1987; Fedde 1987). These characteristics are present even 
in flightless birds (Schmidt-Nielsen 1971). 


Lung Structure and Ventilation in Nonavian Dinosaurs 


Among extant tetrapods, the bronchioalveolar lung is unique 
to mammals, and the repeated subdivisions of the embryonic 
respiratory diverticulum that are its ontogenetic foundation 
(Feduccia and McGrady 1991) are apparently an apomorphic at- 
tribute of the synapsid clade. Given their affinity to sauropsid 
amniotes, it is reasonable (a level I inference) to infer that dino- 
saurs possessed some form of septate lung. Moreover, because 
dinosaurs are phylogenetically bracketed by crocodilians and 
birds, it is likewise reasonable (also a level I inference) to infer a 
complex, heterogeneous, multicameral lung for these animals 
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(Perry 1983, 1992, 2001). The question, however, is whether there 
is enough evidence to supporta level I] inference of highly derived, 
birdlike lungs (i.e., highly heterogeneous parabronchial lungs 
with crosscurrent gas exchange and an extensive abdominal 
air-sac system). Alternately, did dinosaurs retain unmodified— 
crocodilian-like—multicameral lungs? 

No fossilized lung tissues have yet been documented, so 
reconstructions of dinosaurian lungs must rely on indirect evi- 
dence. A level II inference of highly derived, avian-like para- 
bronchial lungs for nonavian dinosaurs thus requires osteo- 
logical correlates of the presence of an extensive abdominal 
air-sac system, necessary for effective crosscurrent gas exchange 
(Powell 2000; Perry 2001). Perry (1992, 2001) suggests that the 
potential for crosscurrent exchange may have been present in 
ancestral archosaurian lungs, as it is in those of extant croco- 
dilians. However, this does not mean that crosscurrent gas ex- 
change was in fact already manifested in nonavian dinosaurs (as 
asserted by Perry [2001]). The postulated modifications (Perry 
1983, 1992) could, for example, just as easily have taken place 
within birds. 

The thoracic skeleton of nonavian dinosaurs lacks the mor- 
phological adaptations associated with the parabronchial lung/ 
abdominal air-sac system of modern birds. Avian-like jointed or 
hinged ribs are absent in all nonavian dinosaurs, and there is no 
indication of specialized sternocostal mechanism, such as that 
which ventilates the abdominal air sacs in extant birds. Ossified 
sternal ribs are documented for Apatosaurus (Marsh 1883; Mc- 
Intosh 1990a), and several theropod taxa, including oviraptorids 
(Clark et al. 1999), ornithomimosaurs (Pelecanimimus; Hillenius, 
pers. obs.), and dromaeosaurids (Ostrom 1969a; Norell and Mako- 
vicky 1999), but in each case, the sternal ribs lack the distinct, 
transversely oriented distal expansions that form the sterno- 
costal joints characteristic of the avian thorax. The sternal plates 
of dinosaurs, which are known from a variety of taxa, including 
ankylosaurs (Coombs and Maryanska 1990), ornithopods 
(Norman 1980; Foster 1990; Weishampel and Horner 1990), cer- 
atopsians (Sereno and Chao 1988), sauropodomorphs (Young 
1947; McIntosh 1990), as well as oviraptorids (Barsbold 1983a, 
1983b; Clark et al. 1999), ornithomimosaurs (Pérez-Moreno et al. 
1994), and dromaeosaurids (Barsbold 1983a, 1983b; Norell and 
Makovicky 1997, 1999; Xu et al. 1999b; Burnham et al. 2000), 
are generally short, and in all cases, lack the thickened lateral 
border and the transversely oriented hinge joints for the sternal 
ribs that characterize the sterna of all extant birds. The sternal 
plates of the immature dromaeosaurid Bambiraptor are excep- 
tionally long, but its lateral edges, including the regions where 
the sternal ribs articulated, are described as thin (Burnham et al. 
2000). By themselves, simple articulations between sternum 
and sternal ribs cannot be considered diagnostic for any par- 
ticular lung morphology or ventilatory mechanisms; such ar- 
ticulations between ribs and sternae occur in most amniotes, 
including lepidosaurs, crocodilians, and mammals (Romer 1956). 

The presence of avian-like uncinate processes (caudodorsal 
projections on the thoracic ribs) in oviraptorids (Clark et al. 
1999) and some dromaeosaurids (Norell and Makovicky 1999) 
is sometimes mentioned in this context (Paul 2001; Perry 
2001). However, avian uncinate processes function primarily in 
strengthening the ribcage and stabilizing the shoulder muscu- 
lature (Bellairs and Jenkin 1960; King and King 1979; Hildebrand 
and Goslow 2001); they have no particular role in sternocostal 
ventilation of the avian lungs. Uncinate processes are absent 
in screamers (Anseriformes: Anhimidae), and may be reduced 
in other birds (Bellairs and Jenkin 1960; Brooke and Birkhead 
1991). Furthermore, cartilaginous or ossified uncinate processes 


are also known in crocodilians (Hoffstetter and Gasc 1969; 
Duncker 1978; Frey 1988), Sphenodon (Wettstein 1931-37; Hof- 
stetter and Gasc 1969), and even several temnopspondyl an- 
amniotes, such as Eryops (W. K. Gregory 1951). Thus, the pres- 
ence of uncinate processes does not correlated with respiratory 
adaptations. 

Similarly, the pneumatized vertebrae of sauropods and some 
theropods, which resemble those of extant birds, have been 
cited as evidence of a birdlike lung/air-sac system (Bakker 1986; 
Reid 1997a; Britt et al. 1998; Perry and Reuter 1999; Paul 2001; 
Perry 2001). Caution is advised in interpreting presumed pneu- 
matic features in the postcranial skeleton (O’Connor 1999). 
However, in modern birds, pneumatization of the vertebrae and 
ribs is invariably accomplished by diverticuli of the cervical air 
sacs (McLelland 1989a), which are located outside the trunk and 
contribute little, if anything, to the respiratory air flow (Scheid 
and Piiper 1989). Presence of pneumatized vertebrae in non- 
avian dinosaurs therefore only speaks of the possible presence of 
such nonrespiratory diverticuli, and cannot be regarded as in- 
dicative of an extensive, avian-style abdominal air-sac system. 
Note that the presence of diverticuli of the upper airways is an 
apparent archosaurian synapomorphy (Witmer 1995b, 1997 a), 
and that other sauropsids also possess nonvascularized, saclike 
portions of the respiratory tract (Duncker 1978; Perry 1983) with- 
out possessing parabronchial lungs. 

Consequently, there is no compelling evidence that any non- 
avian dinosaur possessed musculoskeletal modifications to ven- 
tilate an avian-like parabronchial lung/abdominal air-sac sys- 
tem. It is possible that a less highly derived, protoparabronchial 
lung may have existed in some dinosaurs (Perry 1992, 2001), but 
at present, there is no unequivocal indication of the presence 
thereof, and such a reconstruction must be considered specula- 
tive (Perry and Reuter 1999). 

Recently, several authors have presented a novel hypothesis, in 
which nonavian theropods may have used their well-developed 
gastralia (dermal ossifications of the abdominal wall) to venti- 
late an avian-like abdominal air-sac system (Claessens 1997; Car- 
rier and Farmer 2000). Although gastralia, which occur primi- 
tively throughout amniotes (Romer 1956; Carrier and Farmer 
2000), but which are absent in all extant birds, can hardly be 
considered a diagnostic correlate of a derived, avian-like lung/ 
air-sac system, it is also not clear that these ossifications neces- 
sarily preclude the presence of such a system, and this intrigu- 
ing proposal deserves further investigation. Nonetheless, there 
are several problems with the proposed mechanism of cuirassal 
breathing, in which action of the pelvic muscles is thought to 
depress the medial aspect of the gastralia, thereby generating 
negative abdominal pressures that help fill the lungs during 
inhalation. In extant crocodilians, as well as in Sphenodon, the 
gastralia are not known to contribute to the generation of either 
negative or positive abdominal pressure during lung ventilation 
(Farmer and Carrier 2000). Furthermore, in extant forms, the 
muscles postulated for cuirassal breathing in nonavian thero- 
pods (Mm. ischiotruncus and caudotruncus) do not insert on 
the medial aspects of the gastralia, but insert on the dorsolateral 
aspects instead (Farmer and Carrier 2000). There is, in other 
words, no extant example of the model proposed. Finally, in 
nonavian theropod dinosaurs, the gastralia are limited to the 
ventral body wall, and an extensive flank region exists between 
the gastralia and the caudal abdominal ribs. Negative abdomi- 
nal pressures generated through the proposed cuirassal breath- 
ing mechanism would therefore have resulted in paradoxical 
inward movement of the lateral abdominal wall, resulting in un- 
avoidable loss of ventilatory efficiency. At present, the cuirassal 


breathing model for theropod ventilation must be considered 
highly speculative, at best. 

Ruben et al. (1997a, 1999) proposed a third alternative model 
for lung ventilation in nonavian theropods, which invokes a 
crocodilian-like hepatic-piston mechanism. Fossilized remains 
of soft tissues in two theropods, Sinosauropteryx (Chen et al. 
1998) and Scipionyx (Dal Sasso and Signore 1998), suggest that 
the abdominal cavity of these theropods was subdivided in dis- 
tinct cranial (pleuropericardial) and caudal (peritoneal) cavities 
(figs. 28.3, 28.4). In both cases, pigmented stains representing 
the remains of liver and intestinal tissues are restricted to the 
caudal region. In each case, the pigmentation extends from the 
vertebral column to the ventral thoracic wall (Ruben et al. 1997a, 
1999). In Sinosauropteryx, comparatively few structural details of 
the abdominal viscera can be discerned, but in Scipionyx, excep- 
tionally well-preserved structures include fine transverse folds 
of the intestinal wall. In Scipionyx, the liver is most readily visible 
under ultraviolet light, when it appears as a dark-indigo region 
distinct from other structures of the specimen or the surround- 
ing matrix (fig. 28.3; Ruben et al. 1999). The color is significant, 
and strongly suggestive of preserved liver remains, because the 
fluorescence of biliverdin, a primary liver bile pigment in non- 
mammalian tetrapods, includes a primary emission peak in the 
blue region of the visible spectrum (~470 nm; Song et al. 1973). 
This indigo region extends vertically from the vertebral column 
to the ventral body wall (fig. 28.3; Ruben et al. 1999). Cranial to 
the liver, the pleuropericardial region is empty, because the deli- 
cate lung tissues were not fossilized, a preservational condition 
identical to that of exquisitely preserved Eocene mammals from 
Messel (fig. 28.3). 

The distinct, vertically oriented division between the pig- 
mented abdominal and the apparently empty pleuropericardial 
regions in both Sinosauropteryx and Scipionyx suggests the pres- 
ence of a complete diaphragmatic separation between these 
body cavities, which is inconsistent with the extensive abdom- 
inal air-sac system associated with the avian parabronchial 
lungs. In extant birds, a vertical subdivision of the body cavity 
is absent, and the liver is located largely or entirely ventral to 
the parabronchial lungs, which are themselves firmly attached 
to the dorsal ribcage (Duncker 1978; Perry 1983; McLelland 
1989a). In contrast, such a division is consistent with a mammal- 
like or crocodilian-like arrangement (fig. 28.3), in which a com- 
plete diaphragm separates the lungs from the liver and other 
abdominal viscera. 

The positions of the colon and the trachea in Scipionyx also 
argue against the presence of a birdlike lung/air-sac system in 
this animal (Ruben et al. 1999). The caudal segment of the spec- 
tacularly well-preserved colon is situated far dorsally, and lies 
close to the lumbar and sacral vertebrae (fig. 28.3). This position 
is comparable with that of the colon in extant crocodilians and 
mammals, but is unlike that of extant birds, in which the colon 
is suspended in the midabdominal cavity, between and below 
the large abdominal air sacs, and at some distance from the ver- 
tebral column (Duncker 1978). 

A portion of the trachea is preserved immediately cranial to 
the pectoral girdle of Scipionyx. It is located well ventral to the 
vertebral column, in a position comparable with that of croco- 
dilians, in which the trachea enters the lung at its cranioventral 
apex, close to the sternum (Duncker 1978), but unlike that of 
most birds, in which the parabronchial lung is necessarily at- 
tached to the dorsal portion of the ribcage and the trachea lies 
close to the cervical vertebrae (Duncker 1978; McLelland 1989b). 

In extant crocodilians, the vertically oriented liver and 
diaphragm function in conjunction with longitudinal flank 
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FIGURE 28.3. Similar body cavity partitioning in extant crocodilians (Alligator, top left) and mammals (Rattus, top 
right), and fossils of Sinosauropteryx (center left), Scipionyx (bottom, under ultraviolet illumination), and the Eocene 
mammal Pholidocercus (center right). Arrows delineate the vertical division between the pleuropericardial (cranial) 
and peritoneal (caudal) cavities. Insets show entire animal for perspective. (After Jones and Ruben 2001; center 
right, modified from von Koenigswald et al. 1988.) 


FIGURE 28.4. Close-up of the thorax of Sinosauropteryx prima. Cracks passing through this region (indicated in the drawing by hatched lines and 
shaded areas) do not affect most of the cranial margin of the abdominal stain. See text for details. (Digital photo by W. J. Hillenius.) 


muscles to produce a pistonlike mechanism for supplemental 
lung ventilation. The close resemblance of the liver and the ab- 
dominal subdivision in Scipionyx and Sinosauropteryx to those of 
extant crocodilians suggests that a similar hepatic-piston mech- 
anism may also have been present in the theropods. Other as- 
pects of theropod anatomy are consistent with this reconstruc- 
tion (Ruben et al. 1997a; 1999). The triradiate pelvis of Scipionyx, 
Sinosauropteryx, and other nonavian theropods broadly resem- 
bles that of modern and basal crocodylomorphs, such as proto- 
suchids and sphenosuchids. Specifically, in both groups, the 
pubis comprises a robust, rodlike ramus, often with a marked 
distal expansion (Romer 1956; Carrier and Farmer 2000; Jones 
and Ruben 2001). In crocodylomorphs, this expansion consists 
of a transversely oriented blade, the craniolateral edge of which, 
following the condition of extant crocodilians, is one of the 
main attachment sites for the diaphragmaticus muscles that 
drive the hepatic piston (Gans and Clark 1976; Ruben et al. 
1997a; Carrier and Farmer 2000). In extant crocodilians, other 
slips of M. diaphragmaticus also attach more proximally on the 
pubis and caudal gastralia and on the acetabular region of the 
ischium (Gans and Clark 1976; Ruben et al. 1997; Farmer and 
Carrier 2000). In theropods, whose deeper and narrower trunks 
resulted in comparatively more elongate pubes with a cranio- 
caudally oriented boot, diaphragmaticus-like musculature may 
have had a similar attachment. Significantly, a small patch of 
longitudinally oriented muscle fibers, preserved immediately 
cranial to the pubis of Scipionyx, dorsal to the gastralia, appears 
to represent a remnant of the diaphragmatic musculature of this 
theropod (Ruben et al. 1999). This patch fluoresces in much the 
same way as preserved musculature in other parts of the body 
(e.g., at the base of the tail and in the pectoral area; Dal Sasso and 
Signore 1998). No other longitudinally oriented muscle fibers 
would be expected in this location. 

In this reconstruction of theropod ventilation, inhalation 
involved both conventional costal action and expansion of the 
ribcage, and contraction of diaphragmaticus muscles that ex- 
tended between the liver and the pelvis. The latter action would 
have resulted in caudal displacement of the liver and a supple- 
mental increase in pleural cavity volume. Relaxation of the flank 
muscles during this phase would have allowed the displaced 
abdominal viscera to bulge outward—similar to the condition 
during inhalation in extant crocodilians (Boelaert 1942; Farmer 
and Carrier 2000). Exhalation would have involved, in addition 
to conventional costal mechanisms, contraction of the flank 
musculature, which, possibly acting in conjunction with the 
gastralia, restored the abdominal viscera and liver to their origi- 
nal positions. Farmer and Carrier (2000) assert that in extant 
crocodilians, mobility of the pubis is an important component 
of the hepatic-piston mechanism, presumably to prevent un- 
due intraabdominal pressure build-up from interfering with 
venous blood flow from the hind limbs. However, elevated 
intraabdominal pressures do not pose a problem during dia- 
phragmatic breathing in extant mammals (which do not have 
mobile pubes, but in which liver movement can nevertheless 
contribute considerably to ventilation; Bramble and Jenkins 
1993). Documented intraabdominal pressures in exercising 
humans (38 mm Hg, or approximately 5 kPa; Grillner et al. 1978) 
far exceed those reported for exercising alligators (~3.5 kPa; 
Farmer and Carrier 2000) without deleterious effects. In any 
case, elsewhere, Carrier and Farmer (2000) indicate that the 
diaphragmaticus musculature probably evolved in crocodylo- 
morphs prior to pubic mobility. It seems likely that pubic mo- 
bility is a secondary crocodilian development, with an uncertain 
relationship to hepatic-piston ventilation, and there is little rea- 


son to suspect that absence of pubic mobility in theropods would 
preclude such a mechanism from operating in these animals. 
Criticisms of the hepatic-piston model largely fall into three 
categories: (1) the division of the abdominal cavity seen in 
Sinosauropteryx is not real, but artifactual; (2) internal organs 
were dislocated as a consequence of postmortem compression; 
and (3) there is no room on the theropod pubis for diaphrag- 
maticus musculature. Paul (2001) and Currie and Chen (2001) 
suggested that the division between the thoracic and abdomi- 
nal cavities in Sinosauropteryx represents an artifactual result of 
cracks and breaks. However, although several cracks do pass 
through the region in question, the margin of the pigmented 
region is mostly unaffected by these (fig. 28.4). A dislodged chip 
has obliterated the uppermost margin of the abdominal stain, 
immediately below the vertebral column, as Currie and Chen 
(2001) pointed out, but the remainder of the edge of the stain is 
real. The colored, plaster-filled crack, to which both Paul (2001) 
and Currie and Chen (2001) alluded, passes more or less verti- 
cally through this region, but does not coincide with the margin 
of the liver stain; a continuation of the pigmentation is readily 
observed cranial to this crack (fig. 28.4). Finally, a cranioventral 
crack, which passes diagonally from the center of the ribcage 
caudoventrally toward the gastralia, also does not coincide with 
the margin of the stain: unstained matrix from the pleuroperi- 
cardial cavity cranial to the diaphragm can be seen between the 
stained area and this crack (fig. 28.4). Although the cranial mar- 
gin of the abdominal stain of Sinosauropteryx is not well defined, 
nevertheless, there remains a clear qualitative division between 
the stained caudal and unstained cranial halves of the abdomi- 
nal region of Sinosauropteryx. This division extends vertically 
from the vertebral column to the gastralia, and is fully consistent 
with a diaphragmatic division of the pleuroperitoneal cavity, 
such as that seen in extant crocodilian archosaurs, but incon- 
sistent with an extensive, avian-like abdominal air-sac system. 
Currie and Chen (2001) furthermore doubted that soft struc- 
tures in the abdominal cavity could have maintained their orig- 
inal shape and position as the individuals collapsed into two 
dimensions. However, there is no sign of trauma or violence in 
either Sinosauropteryx or Scipionyx. In both specimens, the skele- 
tons are preserved fully articulated and intact, with the ribs and 
gastralia in their natural positions, indicating that little or no 
postmortem abdominal bloating took place. That soft tissues 
were preserved at all suggests that bacterial decomposition had 
not progressed very far before burial. In particular, in Scipionyx, 
preserved structures include exceptional detail of the wall of the 
large intestine, in which fine rugose foldings can be readily dis- 
cerned; the preservation of the horny claw sheaths on several of 
the digits; and muscular tissues in several areas of the body (Dal 
Sasso and Signore 1998). All these indicate quick postmortem 
burial, or at least removal from oxic conditions conducive to 
bacterial proliferation (Dal Sasso and Signore 1998). Generally, 
the liver is a comparatively solid organ, and it is not especially 
surprising that it could have survived a brief postmortem period 
prior to burial, whereas the more delicate lungs and small intes- 
tines did not. Furthermore, in extant crocodilians, the liver is 
attached by ligaments to the dorsal aspect of the body cavity, 
and largely rotates around this attachment during ventilation 
(Gans and Clark 1976); a similar attachment in theropods would 
have anchored the liver dorsally and prevented excessive dis- 
location of this organ prior to burial and preservation. Both 
Sinosauropteryx and Scipionyx materials appear to have collapsed 
gently and orthogonally, probably well after burial, during the 
general compaction of the sedimentary beds in which they were 
preserved. In Sinosauropteryx, the abdominal viscera are preserved 
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as a carbonized film (Chen et al 1998; Currie and Chen 2001), 
which almost certainly would have settled on the substrate be- 
fore sediment compaction took place. Likewise, in Scipionyx, the 
liver is identified primarily by the indigo stain that corresponds 
to preserved remnants of liver compounds. These, too, would 
have settled onto the underlying sediment early in the tapho- 
nomic process, before compaction of the sediment. Given that 
every indication suggests these individuals settled and were 
buried in a low-energy environment, with minimal, if any, 
skeletal displacement, there is no reason to suspect the internal 
organs were not faithfully preserved in situ. 

Martill et al. (2000) interpreted a conical, calcitic structure, 
associated with a partial skeleton of a small coelurosaurian thero- 
pod, as a lithified section of the colonic tract. A portion of this 
tract has a midabdominal position, and these authors suggest it 
more accurately reflects theropod anatomy than the colon in 
Scipionyx. However, the structure in question is oriented at a 
steep oblique angle to the vertebral column as it first approaches 
the pubic canal, then makes several turns and a sharp, ventro- 
medial loop as it enters the canal and extends between the pubes 
and ischia (Martill et al. 2000). In neither extant birds nor extant 
crocodilians does the colonic tract possess such acute flexures, 
which would probably interfere with the movement of fecal 
matter toward the cloaca. Instead, the colon of extant forms is 
almost invariably a straight tract, parallel to the vertebral col- 
umn, between the ileum and the cloaca (McLelland 1979; Guard 
1980; Zug et al. 2001), and the same may reasonably be expected 
in extinct dinosaurs. The conformation of the presumed colon 
in this theropod fossil therefore almost certainly reflects signif- 
icant postmortem displacement of these tissues. 

Hutchinson (2001a) considered it unlikely that nonavian 
theropods had a crocodilian-like diaphragmaticus muscle, be- 
cause pelvic muscles (Mm. puboischiofemoralis 1 et 2) occupied 
the cranial and caudal surfaces, respectively, of the pubic apron. 
However, the diaphragmaticus muscle does not attach to the 
pubic apron in extant crocodilians, inserting instead on the 
craniolateral edge of the distal part of the pubis, between and 
ventral to the sites of attachment of Mm. puboischiofemoralis 1 
et 2 (other slips of M. diaphragmaticus insert on more proximal 
section of the pubis, and the acetabular region of the ischium; 
Gans and Clark 1976; Ruben et al. 1997a; Carrier and Farmer 
2000). Elsewhere, Hutchinson (2001a) suggested that the lateral 
surface of the distal pubis and the pubic boot of theropods 
served mainly for abdominal muscles, including M. rectus ab- 
dominis. The crocodilian diaphragmaticus muscles are consid- 
ered to be derivatives of at least the caudal portion of M. rectus 
abdominis (Carrier and Farmer 2000). Therefore, there is no 
conflict between Hutchinson’s (2001a) reconstruction of thero- 
pod pelvic musculature and the presence of a diaphragmaticus- 
like muscular system in these animals. 

If a diaphragmaticus-like muscle did attach to the pubis, 
retroversion of the pubis, such as that found in Herrerasaurus 
and some maniraptoran theropods (Hutchinson 2001a) would 
effectively have resulted in elongation of this muscle. This may 
have permitted additional travel of the liver during hepatic- 
piston ventilation, and an additional expansion of lung tidal 
volume in these animals. 


Significance for Dinosaur Physiology 


Whereas respiratory turbinates may provide significant insight 
into the minimal levels of chronic resting ventilation and meta- 
bolic rate (and the likely absence of these structures in dinosaurs 
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therefore suggests that these animals probably lacked mammal- 
or birdlike resting rates, and instead were likely ectothermic), 
lung structure is more informative with regard to the maximum 
sustainable ventilatory capacity (i.e., that used during strenuous 
sustainable exercise). Unfortunately, as no fossilized lung tissues 
have yet been documented, reconstructions of dinosaurian 
lungs must therefore rely on indirect evidence. Amammal-like 
alveolar lung is precluded on phylogenetic grounds: it is associ- 
ated only with the synapsid clade. There is no unambiguous 
evidence to support a level Il inference that any nonavian dino- 
saur possessed a highly derived, birdlike parabronchial lung with 
an extensive abdominal air-sac system; nonavian dinosaurs lack 
the musculoskeletal adaptations associated with the ventilation 
of this kind of lung in all modern birds, including flightless 
forms. Without such lungs, it is unreasonable to infer the high 
levels of sustained maximal aerobic activity characteristic of 
extant birds. The available evidence does, however, permit the 
inference of an unmodified septate lung, such as that probably 
present primitively in archosaurs, and in extant crocodilians: a 
heterogenous, multicameral lung with conventional tidal ven- 
tilation. Although some prerequisite attributes of an avian-like 
parabronchial lung are present in crocodilian lungs (i.e., hetero- 
geneous chambers, tubular dorsal chambers, and communicat- 
ing pores between adjacent chambers; Perry 1992), and it is there- 
fore theoretically conceivable that some non-avian dinosaurs 
had modified these attributes into a protoparabronchial lung, 
there is no evidence to indicate that any had, in fact, done so, 
and this reconstruction of a more derived kind of lung must be 
considered entirely conjectural. An unmodified septate lung is 
consistent with an overall ectothermic physiology and a com- 
paratively limited metabolic scope for the majority of dinosaurs. 
However, the presence of a hepatic-piston mechanism to aug- 
ment costal lung ventilation in nonavian theropods may indi- 
cate that the aerobic capacity of this group was expanded be- 
yond that known for extant reptilian ectotherms, because it 
suggests the kind of ventilatory changes Hicks and Farmer 
(1998, 1999) alluded to for increasing the capacity for gas ex- 
change of septate lungs. Even with a resting physiology of ecto- 
therms, nonavian theropods may have been capable of sustaining 
levels of activity above that of any modern reptile. Theropods 
may thus have had the best of both worlds: low, reptilian-grade 
maintenance costs during equable climatic conditions, but with 
an enhanced capacity for aerobic activity, perhaps partly over- 
lapping that of some mammals (although the limits of theropod 
activity capacity are currently not quantifiable; Hicks and Farmer 
1998, 1999; Ruben et al. 1998b). Such a potential combination 
of metabolic traits is not otherwise known among tetrapods. 


Bone Microstructure and Thermoregulation 


Over the past several decades, bone microstructure has been 
used to deduce various aspects of the physiology of dinosaurs 
(Ricqlés 1980, 1983; Reid 1984a, 1984b; Bakker 1986). However, 
it is increasingly recognized that there is no direct connection 
between bone microstructure, physiology, and metabolic rates 
(Chinsamy 1994, 2000). Ever since Amprino (1947), different 
bone depositional rates were thought to result in distinctly dif- 
ferent kinds of bone microstructure. Recent research by Starck 
and Chinsamy (2002), however, documents that a single kind of 
bone tissue can result from a range of bone depositional rates, 
and emphasizes that the relationship between bone depositional 
rate and bone tissue is therefore not as clear-cut as previously as- 
sumed. Although qualitatively, Amprino’s rule still holds true, 


caution is advised in making quantitative deductions regarding 
rates of bone tissue formation across taxa. Extrapolating physi- 
ological parameters from bone microstructure is highly prob- 
lematic, because bone microstructure is riddled with mixed 
messages, as discussed below. 


Zonal versus Azonal Bone 


Seasonal changes in ambient conditions can result in alter- 
nating periods of fast and slow growth in extant reptiles (Hutton 
1986), and this pattern is reflected in the bone microstructure of 
the animal: cycles of bone depicting alternating fast and slow 
rates of deposition are visible in the compacta of bones of turtles, 
lizards, and crocodilians (Castanet et al. 1993). The resulting 
bone tissue is referred to as “zonal bone.” Other extant ecto- 
therms, such as frogs and fishes, also grow in a cyclical manner. 
In contrast, mammals and birds generally grow in a rapid man- 
ner, unhindered by environmental or climatic disruptions (Chin- 
samy and Dodson 1995). This rapid, sustained rate of growth is 
also reflected in the bone microstructure: avian and mammalian 
bone is usually deposited in an uninterrupted, azonal manner. 
The rate of bone formation in endotherms is related to on- 
togeny, and generally does not undergo cyclical changes. For 
example, the initial rapid rate of juvenile growth in mammals 
and birds results in fibrolamellar bone, whereas more mature 
animals, with much slower rates of growth and bone formation, 
form parallel-fibered or lamellated bone (Chinsamy 1995a; Chin- 
samy and Dodson 1995). Rest lines are commonly found only 
in the peripheral regions of mature mammals and birds, and 
are indicative of a determinate growth strategy. Some notable 
exceptions to this general pattern exist in endotherms: under 
certain circumstances, growth rings form in mammalian bone. 
This happens particularly among marine mammals (porpoises; 
Buffrénil 1982), mammals from strongly seasonal, cold climatic 
zones (polar bears; Chinsamy and Dodson 1995; Chinsamy 
1997), and several small hibernators (Klevezal and Kleinenberg 
1969) that periodically either shut down or redirect energy allo- 
cations. In addition, Castanet et al. (1993) suggest that lines of 
arrested growth (LAGs) could form as a result of illness, starva- 
tion or disease, but this relationship is not well understood, 
and recent studies on extant birds that have suffered trauma (Tu- 
markin and Chinsamy 2001; Starck and Chinsamy 2002) do not 
support this purported link. Among modern birds, rest lines are 
reported in the slowly formed, outer, circumferentially lamel- 
lated bone (i.e., formed after the mature body size is reached); 
this situation is different from the LAGs and annuli that inter- 
rupt fibrolamellar bone in growing bones of several nonavian 
dinosaurs and nonornithurine birds (Chinsamy 2000). (In this 
context, note the so-called “Harris lines,” which are recognized 
in X-rays in the epiphyseal regions of long bones of children that 
have endured severe illness. Harris lines are distinctly different 
from LAGs, which occur in the cortical bone of the diaphysis of 
long bones, and not in the epiphyseal region. Interestingly, 
Harris lines were not observed in the bones of young elephants 
that succumbed to drought [Chinsamy, unpublished]). Thus, al- 
though the circumstances under which LAGs form in the corti- 
cal bone of mammals and birds remain unclear, they are isolated 
occurrences. This contrasts with the LAGs and annuli of extant 
ectotherms and several dinosaur taxa, which appear regularly 
throughout ontogeny. 

Nonavian dinosaurs generally have fibrolamellar bone tissue, 
which consists of a woven bone matrix with numerous primary 
osteons embedded therein. Early studies (Seitz 1907; Gross 1934; 


Currey 1960; Ricqlés 1972) often emphasized the apparent sim- 
ilarity of dinosaurian bone to extant mammalian bone. However, 
fibrolamellar bone, although not widespread among reptiles, 
has also been reported in wild crocodilians (Reid 1984a, 1997b) 
and turtles (Reid 1997, pers. comm.), and is therefore not re- 
stricted to endotherms or farm-reared crocodilians (fig. 28.5). 
Some researchers have suggested that fibrolamellar bone in these 
reptiles occurs only in early stages of growth; however, Reid’s 
turtle, alligator, and Sivalik gavial are not juveniles (Reid, pers. 
comm.). In addition, more recent assessments have shown that, 
although fibrolamellar bone is widespread among dinosaurs, 
many (Massospondylus [Chinsamy 1993], Syntarsus [Chinsamy 
1990], Troodon [Varricchio 1993], and Psittacosaurus [Erickson and 
Tumanova 2000]) also exhibit fibrolamellar bone interrupted 
by the deposition of growth rings throughout ontogeny. When 
present, such growth rings can take the form of annuli, which 
imply periods of slowed but not stopped growth, or LAGs, which 
indicate abrupt and complete cessation of growth (Reid 1987a, 
1990), or both. Such cyclically formed bone strongly suggests 
seasonally alternating fast and slow rates of growth for these 
dinosaurs, a pattern that most closely resembles that of extant 
ectotherms. Horner et al. (1999) regard the LAGs in extinct avian 
and nonavian dinosaurs as simply plesiomorphic characteris- 
tics without any functional significance. However, the mere 
presence of LAGs implies a pause or arrest in growth, and there- 
fore, these features are clearly functionally significant. As men- 
tioned above, they are common in extant sauropsids, in which 
they relate to fluctuating ambient conditions (Hutton 1986), 
whereas they are rare among endotherms (Klevezal and Kleinen- 
berg 1969; Horner et al. 1999). Interestingly, LAGs are found in 
all 11 nonornithurine Cretaceous bird taxa studied (Chinsamy 
2000), and, moreover, are not restricted to the outer circumfer- 
ential lamellae, but are found throughout the compacta, which 
suggests that periodic pauses in growth were a common feature 
of basal birds. Contrary to Padian and Horner (2002), we pro- 
pose that the occurrence of LAGs in the bones of several non- 
avian dinosaurs, as well as those of basal birds, has functional 
significance, and may indirectly point to physiological differ- 
ence between these taxa and ornithurine birds. 

Not all nonavian dinosaurs grew in the interrupted manner 
described above. Some dinosaurs have azonal bone. For example, 
Reid (1990, pers. comm.) described such tissues in [guanodon, 
Neovenator, and Allosaurus. Likewise, azonal bone has been re- 
ported in a growth series of Dryosaurus (Chinsamy 1995b), and 
recently Starck and Chinsamy (2002) reported such bone in 
Herrerasaurus (fig. 28.6). Moreover, Reid (1990) reported both 
zonal and azonal bones in different parts of the same individual; 
the pubis of Megalosaurus has zonal bone, whereas the femur con- 
tains azonal bone. These findings suggest that there were in- 
trinsic local differences in growth rates among different parts 
of the skeleton within individuals, as well as different growth 
patterns among different taxa. Differences among dinosaurs 
may be related to physiological variation among animals, and 
variations in bone tissue within a single individual are possibly 
related to variations in local growth conditions, such as bio- 
mechanical loading and remodeling changes (drift, secondary 
reconstruction) due to growth of the particular skeletal element. 
Recent experimental studies using tetracycline markers in mal- 
lards (Castanet et al. 1996) and Japanese quail (Starck and Chin- 
samy 2002) have documented that different skeletal elements 
have different rates of bone deposition, with the mid-diaphyseal 
regions of humeri and femora growing faster than, for example, 
those of the radius or ulna. To distinguish between genuine 
cyclical growth patterns and those that are perhaps the result 
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FIGURE 28.5. Transverse sections of femora of Recent wild crocodilians 
showing abundant fibrolamellar bone interrupted by growth rings. 

A, femur (cross-sectional diameter, 11 mm) of a wild Alligator mississip- 
piensis from North Carolina. B, femur (cross-sectional diameter, 21 mm) 
of a wild Crocodylus johnstoni from Queensland, Australia. (Courtesy of 
R. E. H. Reid.) 


of local growth conditions, it is imperative to study multiple 
skeletal elements—especially long bones from individuals from 
a growth series; that is, a series of different individuals of differ- 
ent sizes (Chinsamy 1994; Horner et al. 1999). 

Bone microstructure of an extinct animal may give some 
qualitative indication of the rate at which the bone was formed, 
and allow general deductions regarding the overall growth pat- 
terns of the animal. However, Starck and Chinsamy (2002) cau- 
tioned that it is not practical to derive accurate quantitative 
inferences from such data, as they found that the depositional 
rates of fibrolamellar bone with longitudinally oriented vascu- 
lar canals ranged from 10 to 50 microns per day in Japanese 
quail, which overlaps with the entire range of bone depositional 
rates that Castanet et al. (1996, 2000) deduced for several other 
bone tissues in mallards, emus, and ostriches. Starck and Chin- 
samy’s (2002) findings nullify the hypothesis of Horner et al. 
(2000) and Padian et al. (2001b), which asserts that similar bone 
tissues indicate similar bone depositional rates. These findings 
further imply that bone depositional rates of modern taxa cannot 
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simply be extrapolated to fossil vertebrates, even if they are 
closely related. The widespread occurrence of fibrolamellar bone 
and LAGs within the extant phylogenetic bracket of dinosaurs 
suggests that, contrary to Padian and Horner’s (2002) assertion, 
bone microstructure is unrelated to basal metabolic rates. 

Overall, observations of bone histology are related to growth 
patterns and indicate that the bones of several dinosaurs exhibit 
a mixture of traits not seen among extant animals: they com- 
bine the broadly mammal-like or birdlike trait of widespread oc- 
currence of fibrolamellar bone generally associated with rapid 
bone deposition with the reptilian-like trait of periodic inter- 
ruptions or cessations of bone growth. Other dinosaurs grow in 
an uninterrupted sustained manner. 


Skeletochronology, Growth Rates, and Growth Patterns 


Within limits, it is possible to estimate the age of an animal 
from the growth rings in its bone, a process known as skeleto- 
chronology (Hutton 1986; Castanet et al. 1993). Recently, Horner 
et al. (1999) reported variation in the number of growth lines 
recorded in different bones ofa single skeleton of Hypacrosaurus, 
and advised caution in the use of skeletochronology among fos- 
sil vertebrates. It is known that different bones in a skeleton have 
different rates of bone remodeling and growth, and hence vary 
in bone microstructure (Reid 1987a; Chinsamy 1994). Studies on 
Hypacrosaurus (Horner et al. 1999) and Maiasaura (Horner et al. 
2000) document such histological variation between skeletal 
elements and suggest that the long bones (i.e., femur and tibia) 
best preserve the number of cycles of growth. Additionally, for 
skeletochronological applications it is important to examine 
cross sections from the neutral region (i.e., the area least af- 
fected by remodeling; Chinsamy 1994). Thus, although skeleto- 
chronology has come under scrutiny over the past few years, 
when carefully executed and constrained, and when multiple 
skeletal elements are considered, it can be useful for age assess- 
ment of fossil animals. Growth rates for nonavian dinosaurs 
have been postulated to range from extremely rapid rates remi- 
niscent of those of modern endotherms (Paul 1997b) to much 
slower rates resembling those of modern ectotherms (Case 
1978b). Using computer simulations, which considered various 
demographic and physiological factors, Dunham et al. (1989) 
deduced that it was unlikely that dinosaurs—including large 
ones—would require more than about 20 years to attain sexual 
maturity, and a time frame of 10-15 years was considered more 
reasonable. However, a more direct assessment of ontogenetic 
growth patterns and individual age can be made from the pre- 
served bone microstructure of dinosaurs. 

The earliest study relating bone microstructure to ontogeny 
determined that a hadrosaurid, previously identified as a new 
species, was, in fact, a juvenile (Nopcsa and Heidsieck 1933). 
Other published studies deducing patterns of ontogenetic 
growth from bone microstructure have been those on Syntarsus 
(Chinsamy 1990), Massospondylus (Chinsamy 1993), Troodon 
(Varricchio 1993), Dryosaurus (Chinsamy 1994), Proctor Lake 
ornithopods (Winkler 1994), Apatosaurus (Curry 1999), Psittaco- 
saurus (Erickson and Tumanova 2000), Maiasaura (Horner 
et al. 2000), and Barosaurus, Brachiosaurus, Dicraeosaurus, and 
Janenschia (Sander 2000). Of these, Syntarsus, Massospondylus, 
Troodon, and Psittacosaurus all have zonal bone tissue through- 
out ontogeny. The analysis of Maiasaura (Horner et al. 2000) 
documents histological variation in the skeleton with regard to 
bone histology and numbers of LAGs. LAGs were reported from 
the late juvenile stage onward, with, for example, four to five 
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FIGURE 28.6. Transverse sections of bones of nonavian dinosaurs. A, B, and C show zonal bone, whereas D and E show azonal bone. A, metacarpal 
of Archaeornithomimus. Scale = 138 «um. B, femur of Syntarsus rhodesiensis. Scale = 50 um. C, rib of Tyrannosaurus rex. Scale = 125 um. D, femur of 
Dryosaurus lettowvorbecki. Scale = 288 um. E, femur of Herrerasaurus. Scale = 300 um. 


LAGs in a subadult humerus and seven to eight LAGs in an adult 
tibia (Horner et al. 2000). Among sauropods, LAGs do not de- 
velop until late in ontogeny (Sander 2000). For those with zonal 
tissue, growth series were studied and the ages of the individuals 
were estimated by applying skeletochronology. These findings 


indicated that Syntarsus took about 8 growth cycles (possibly 
8 years) to reach adult size, Massospondylus took about 15 cycles, 
Troodon about 5 cycles, and Psittacosaurus about 9 cycles. Curry 
(1999) used cycles of growth caused by alternating vascular 
patterns in scapulae to estimate an age of about 10 years for 
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subadult Apatosaurus. Horner et al. (1999, 2000) have argued 
that it is difficult to set a temporal scale to the growth cycles in 
extinct vertebrates; however, given that in modern animals, 
similar patterns result mainly from annual cycles, it is reason- 
able to presume that they signal annual features. Although it is 
difficult to assess the age of an animal from isolated bones, when 
the number of growth rings increases with increasing size in a 
growth series, it is reasonable to deduce that they are age-related 
(Chinsamy 1990, 1993; Varricchio 1993; Erickson and Tumanova 
2000). 

Horner et al. (2000) used bone depositional rates of modern 
mallard to calculate that it would have taken 6-8 years for Maia- 
saura to reach adult size. More recently, Padian et al. (2001b) as- 
sessed bone growth rates of a variety of archosaurs from a phylo- 
genetic perspective, using bone depositional rates of similar 
tissue in mallards, ostriches, and emus. However, given the varia- 
tion in bone depositional rates documented for Japanese quail 
(Starck and Chinsamy 2002) and the overlap of a single kind of 
bone tissue with the entire range of tissues deduced for mallards, 
emus, and ostriches (Castanet et al. 1996, 2000), it is not feasible 
to extrapolate bone depositional rates of modern vertebrates to 
extinct dinosaurs and other archosaurs. 

Several studies examined isolated dinosaur bones for skeleto- 
chronology. Reid (1990) documented at least 23 definite growth 
cycles in a single sauropod pubis, which can be interpreted as 
the minimum longevity of that individual, and Rimblot-Baly et 
al. (1995) determined that Lapparentosaurus madagascarensis took 
two decades to reach its body size. Sander (2000) used polish 
lines (described as growth lines that are visible in polished sec- 
tions but not in thin section) to infer that Janenschia reached 
sexual maturity at about 11 years and attained maximum size at 
about 26 years. 

As emphasized above, nonavian dinosaurs do not exhibit a 
single, common pattern of bone microstructure, but instead, a 
variety of patterns can be identified. There is no apparent phylo- 
genetic correlation of the pattern, and, in addition, there seems 
to be a lack of environmental correlation: growth rings are ob- 
served in dinosaurs that lived in warm conditions (Reid 1997b), 
as well as those from polar latitudes (Chinsamy 1997). Similar 
seasonal alterations in growth rate, irrespective of environmen- 
tal temperature, are also found among extant reptiles living in 
tropical environments (Patnaik and Behera 1981), as well as those 
on commercial farms, where optimal conditions for growth are 
provided. The causes of such alternating growth rates, despite 
the absence of significant thermal seasonality, remain unknown. 
Studies on modern animals suggest that, although usually it 
seems that temperature is the stimulus (Hutton 1986), other fac- 
tors, perhaps intrinsic physiological ones, may also be involved. 
Although the actual cause of alternating growth patterns is un- 
certain, the presence of growth rings clearly indicates periodic 
fluctuations in the rate of bone deposition. 

Further complicating the interpretation of growth strate- 
gies of nonavian dinosaurs and the physiological implications 
thereof, small to medium-sized ornithopods from a variety of 
latitudes show uninterrupted osteogenesis whereas contempo- 
rary dinosaurs from the same localities grew cyclically (Winkler 
1994; Chinsamy et al. 1998b). 

Several dinosaurs show a change in the bone growth patterns 
as the bones mature. For example, Syntarsus, Troodon, and ?Saur- 
ornitholestes display a zonal or cyclical growth pattern in the 
inner compacta of long bones but also show a series of closely 
spaced rest lines in peripheral parts of the same bones, which 
suggests that growth is slowing down, a condition likened to de- 
terminate growth in mammals and birds (Cormack 1987). How- 
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ever, other dinosaurs (Dryosaurus, Massospondylus) seem to have 
an indeterminate growth strategy (i.e., no such rest lines are lo- 
cated in peripheral compacta even though texture of the bone 
suggests a decrease in overall growth rate). It is possible, how- 
ever, that the individuals had not yet achieved full size, and per- 
haps larger individuals may show determinate growth. 


Indirect Physiological Implications of Bone Growth Patterns 


With some apparent exceptions, it may be concluded that, ir- 
respective of latitudinal (i.e., climatic) origin, the majority of 
nonavian dinosaurs have been unable to escape a cyclical, prob- 
ably seasonal, reduction or cessation of growth. Such a cyclical 
growth pattern is more commonly associated with poikilo- 
thermic ectotherms, particularly in warmer climatic zones 
roughly equivalent to the Mesozoic climates enjoyed by dino- 
saurs. Although extant ectotherms do not routinely form fibro- 
lamellar bone in the zones, Reid has shown such tissue in wild 
Alligator mississippiensis from North Carolina (Reid 1997b; see 
fig. 28.5), Crocodylus porosus (Reid 1984a), Crocodylus johnstoni 
from Queensland, Australia, and in the Pleistocene Sivalik gavial 
(Reid, pers. comm.). In addition, Enlow (1969) described peri- 
odic formation of fibrolamellar bone in some turtles and croco- 
dilians (although he did not use this actual term, as it was not in 
use at the time), and they are known in several nonmammalian 
synapsids (Botha and Chinsamy 2000). Thus, although reptiles 
cannot escape the constraints of cyclical bone formation, they 
are able to form fibrolamellar bone, which suggests that a high 
basal metabolic rate is not a prerequisite for such bone deposition 
(contra Padian and Horner 2002). Horner et al. (2000) point out 
that fibrolamellar bone is often formed in early stages of growth, 
when growth rates are highest in all tetrapods, but curiously, 
this is also the stage when hatchling birds, especially altricial 
birds, are usually still ectothermic (Ricklefs 1979a; J. M. Olson 
1992; Thomas et al. 1993; Visser and Ricklefs 1993; Dietz and 
Drent 1997). A worthwhile course of study would be to examine 
exactly when such animals as crocodilians or turtles become 
capable of forming fibrolamellar bone as a regular feature in 
their bones. In much the same way, it is imperative that studies 
on modern endotherms be conducted to ascertain under what 
conditions they deposit LAGs or annuli. Thus, it is not simply a 
question of whether LAGs are present or not, or of focusing only 
on fibrolamellar bone in the zones. Instead, when the complete 
picture of bone tissue of nonavian dinosaurs is considered, it is 
evident that these animals were able to form fibrolamellar bone, 
and that, although some formed such tissue in a sustained man- 
ner, a large number of taxa formed this tissue in an interrupted, 
periodic manner. These differing patterns of bone deposition 
suggest that the bone biology of nonavian dinosaurs was neither 
exactly like that of modern ectotherms nor like that of endo- 
therms. However, because bone depositional rates have not been 
linked to actual oxygen consumption rates and basal metabolic 
rates, it is inappropriate to directly deduce aspects of metabolic 
physiology, such as questions about endothermy versus ecto- 
thermy, from bone texture and organization (Chinsamy 1994). 
The most we can deduce is that bone deposition patterns in non- 
avian dinosaurs have characteristics usually—but not uniquely— 
associated with ectotherms (commonality of rest lines, LAGs, 
and episodic growth), as well as characteristics usually—but not 
uniquely—associated with endothermic animals (those with sus- 
tained fibrolamellar bone deposits). However, the links between 
these patterns and metabolism remain unclear. It is very likely 
that dinosaurs with zonal bone were affected by some seasonal 


factor, but we do not know which—and it may have differed from 
group to group. Considering a developmental plasticity approach 
(Starck and Chinsamy 2002), it is possible that the ability of 
Dinosauria to form both zonal and azonal bone tissue reflects a 
plesiomorphic, flexible response of bone to the environment. 


Conclusions 


We conclude that no unambiguous evidence exists that clearly 
supports a level II inference of a highly derived, endothermic 
metabolic status for any nonavian dinosaur. The apparent ab- 
sence of respiratory turbinates among dinosaurs suggests that 
chronic respiratory water loss was probably not a significant 
physiological problem for these animals, which implies that 
resting ventilation rates were probably low compared with those 
of modern endotherms. It is possible that resting ventilation 
rates of some nonavian dinosaurs were elevated compared with 
most extant ectotherms, yet not high enough to warrant a res- 
piratory turbinate mechanism to control respiratory water loss. 
However, at present, there is no evidence to indicate that dino- 
saurian resting ventilation rates had expanded notably above 
those of extant reptiles, and such reconstructions must thus be 
considered speculative. 

Although respiratory turbinates are correlated with chronic, 
resting ventilation and metabolic rates, they reveal little about 
the metabolic scope of the animal and its aerobic capacity (i.e., 
the ability for sustained maximal aerobic activity); for this pa- 
rameter, lung structure and ventilation are more informative. 
No fossil lung tissues have been documented, and we must there- 
fore rely on indirect lines of argument. Given their archosaur 
affinities, it is almost certain that nonavian dinosaurs possessed 
some kind of heterogeneous, multicameral septate lung. How- 
ever, nonavian dinosaurs lack the musculoskeletal attributes 
necessary for a level II inference of a highly derived, avian-like 
parabronchial lung with an extensive abdominal air-sac system. 
Specifically, they lack the combination of an enlarged sternum 
and specialized sternocostal hinge joints associated with the 
ventilation of this system in all extant birds. Without such 
lungs, it is not reasonable to infer high, avian-like levels of sus- 
tained maximal activity. Theoretically, it is conceivable that 
some nonavian dinosaurs had modified the primitive archosaur 
lung into a protoparabronchial lung, but there is no evidence on 
which to base such a reconstruction, and this view must be con- 
sidered speculative. The more conservative reconstruction is a 
complex, multichambered septate lung with a conventional tidal 
ventilation pattern. 

Soft tissues preserved in two theropods, coupled with the 
widespread presence of a robust, rodlike pubis among nonavian 
theropods, suggest the possibility that this group may have had 
a hepatic-piston mechanism of supplementary lung ventila- 
tion. Such a supplementary mechanism suggests that the aero- 
bic capacity of nonavian theropods may have been higher than 
that of modern ectotherms. Consequently, theropods may have 


had a unique combination of physiological attributes: low main- 
tenance expenses combined with an expanded capacity for sus- 
tained activity. 

Reconstructing nonavian dinosaurs as essentially ecto- 
thermic does not mean that these animals were necessarily 
vulnerable to temperature fluctuations, especially considering 
the mild climates of most of the Mesozoic. Although smaller 
forms (<75 kg) may still have been affected by diurnal temper- 
ature fluctuations, moderate to large forms (>500 kg) would have 
beeen nearly unaffected by such changes (i.e., they would effec- 
tively have been homeothermic), and would respond only to 
fluctuations on a weekly to monthly scale. 

Bone microstructure offers mixed messages with regard to 
dinosaur biology: there is no clear connection between bone tis- 
sue and basal metabolic rate. The extrapolation of bone deposi- 
tional rates from extant birds to nonavian dinosaurs is not sup- 
ported by experimental data, and caution is advised with regard 
to such inferences. Qualitative deductions regarding growth 
strategies can be made, however. Comparisons with extant ani- 
mals suggest that the bone microstructure of nonavian dino- 
saurs was affected by a number of factors, such as ontogenetic 
trajectory, local interbone variations, biomechanics, and envi- 
ronmental factors. The occurrence of both zonal and azonal 
bone in nonavian dinosaurs suggests that different taxa had 
varying growth strategies. It is possible that physiological pa- 
rameters underlay such differences in growth biology, but the 
nature of these relationships remains unclear. 

Given that variation exists among extant animals, it is ap- 
parent that consideration of isolated attributes of bone, such as 
the presence or absence of LAGs or of fibrolamellar bone, is highly 
problematic. To properly understand the various factors that af- 
fect growth of dinosaurs, the complete picture of dinosaur bone 
microstructure must be considered. 

Episodic homeothermy, suggested by biophysical modeling, 
is consistent with data from the bone microstructure that indi- 
cate that bone deposition was periodically (likely seasonally) in- 
terrupted in the majority of nonavian dinosaurs, even though it 
remains uncertain whether this was triggered by environmental 
factors (thermal, wet/dry) in every case; other, perhaps intrinsic, 
factors may also have played a role. The azonal compacta of sev- 
eral dinosaur taxa present an intriguing condition, which war- 
rants further investigation. However, with the current under- 
standing it is not feasible to make reliable deductions about 
aspects of metabolic physiology from bone microstructure. 

Although this review fails to conclude that nonavian dino- 
saurs had reached, or perhaps even approached mammalian or 
avian-like levels of metabolic physiology, this does not return us 
to the days when dinosaurs were considered dull-witted, slow- 
moving creatures merely waiting for extinction. Instead, it sug- 
gests that active, dynamic, but ectothermic dinosaurs represent 
a phenomenal accomplishment of the sauropsid amniote clade, 
which opportunistically took advantage of unprecedentedly 
favorable climatic conditions during the Mesozoic to achieve 
near-total ecological dominance in the terrestrial habitats. 
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Dinosaur Physiology 
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When Richard Owen named Dinosauria (1842b), he did so 
specifically to set them apart from other reptiles. He had only a 
few forms to work with, and they were known only from frag- 
mentary remains. However, even on the basis of what was then 
known about Iguanodon, Hylaeosaurus, and Megalosaurus, Owen 
knew two things about these animals: that they belonged to- 
gether, and that they were like no other reptiles ever discovered, 
living or extinct (Torrens 1992). 

Today, when we look at the paintings and statues of these 
early dinosaurs made by such artists as Waterhouse Hawkins un- 
der Owen’s direction (fig. 29.1), we might regard them as quaint 
and crude, because we know so much more about the anatomy 
of dinosaurs now. But if we look closely, we can tell these are rep- 
resentations of dinosaurs, not of other reptiles, and not just be- 
cause they are so large. These are dinosaurs because they have 
an erect posture, which no one would have dreamed of giving 
areptile. This stance is one of the main reasons why Owen knew 
dinosaurs were different from other reptiles. He knew they had 
to stand erect; they could not sprawl like other reptiles. In fact, 
it was why he concluded that of all reptiles, dinosaurs most 
closely approached the mammalian condition (Desmond 1979). 

However, Owen stopped short of concluding that dinosaurs 
were as physiologically advanced as mammals, and he had a 
precise philosophical reason (Desmond 1982). Owen was com- 
mitted to an implicit principle of nineteenth-century biology— 
that of typology, or the assumption that all animals that were 
classified in a single group automatically shared the same gen- 
eral features of structure and physiology (Russell 1916). This 
view does not allow transitions among major and different 
groups of organisms. Dinosaurs could not be as metabolically 
“advanced” as mammals, because their skeletal features clearly 
showed that they were reptiles, and reptiles are not warm 
blooded (Desmond 1979). In 1870, Owen drew the same con- 
clusions about pterosaurs. These flying reptiles were so similar 
to birds in many skeletal respects that other paleontologists, 
such as H. G. Seeley, suggested that they were warm blooded. 
But Owen refused this conclusion—again, because pterosaurs 
were not birds, but reptiles (Padian 1995a). 

To Owen, all the structural sophistication of dinosaurs and 
pterosaurs that approached the conditions of mammals and 
birds were in his words “purely adaptive,” and not indications 
of advanced metabolism. As far as the Victorians knew, dino- 
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saurs and pterosaurs had no insulatory covering, such as feathers 
or fur, and so could not be endothermic. “We say that Archaeop- 
teryx was warm-blooded because it had feathers, not because it 
could fly,” Owen said (1870:73), and it was feathers that made 
it a bird, even though it retained a long reptilian tail and teeth 
(Desmond 1982). Like any taxonomist, Owen picked out key 
characters, such as feathers, and ignored others, to establish 
taxonomic position. Once they were classified, Owen could 
automatically infer all the physiological features of the extinct 
members of the group from the living ones. Although Archaeop- 
teryx was utterly unlike any living bird, and no one knew how 
well it could fly or what its internal temperature was, it had 
feathers and therefore to Owen was a bird, as different from rep- 
tiles as it was from any fish. 

Typology has long ceased to be a guiding principle of evolu- 
tionary biology; in fact, Ernst Mayr devoted a large part of his 
long career to destroying its credibility (e.g., Mayr 1942, 1963, 
1982). However, Mayr was talking about a “typology” of species 
and populations, in which the variation necessary as the raw 
material of evolution was not recognized. This was not the sense 
of typology that Owen recognized, nor that we discuss here. 
Owen accepted evolution but not transmutation by material 
forces, such as natural selection (Desmond 1982); his acceptance 
of a vertebrate “Archetype,” for example, was an Aristotelian 
concept (Rupke 1994), a Bauplan on which actual animals could 
be built (Padian 1997a). 

Typological thinking is useful in many respects; it is merely 
a generalization based on experience, from a smaller set of in- 
dividuals to a larger class of them. We use typological thinking 
all the time; for example, when we presume that the relatives 
of a given bug that has been killed by a new pesticide will also 
fall to it, when we describe a “veliger” or “nauplius” larval stage 
through which diverse groups of invertebrates pass, or when 
we avoid any aposematically colored snake, because it might be 
poisonous. Typology is useful in these respects, but it is inimi- 
cal to evolutionary thinking, because it emphasizes the “typi- 
cal” and even (in a pre-evolutionary sense) “fixed” characters 
of a taxon. Therefore it ignores the diversity on which evolu- 
tionary change is built. It minimizes the importance of varia- 
tion; it is antithetical to “populational thinking” (Mayr 1963), 
and it ignores possibly intermediate and transitional features 
and forms. When Darwin and Wallace (1859) supplied the 


FIGURE 29.1. Detail of a painting by Waterhouse Hawkins of the exhibits for the Crystal Palace, outside London, 
1858. (Courtesy of E. H. Colbert.) 


mechanism of natural selection to explain the transmutation of 
species, it became intellectually respectable to accept that evo- 
lution had actually occurred, and therefore, that all organisms 
could plausibly have descended from other organisms (Ellegard 
1958). (Darwin’s only figure in The Origin of Species is devoted to 
this concept.) If all this evolution had indeed happened, then 
the boundaries that separate traditional Linnean classes, orders, 
families, and so on must be to some degree arbitrary. For Darwin, 
typology was not only an obstacle to sensible classification, but 
to the understanding of evolution itself, as his letters to Water- 
house and Huxley make clear (Padian 1999). This was a different 
view than Owen’s, even though contemporary with it. 

The irony of Owen’s construction of Dinosauria as a group 
so different from other reptiles will not be lost on most readers 
today. Owen was relentlessly typological (Desmond 1979; Rupke 
1994; Padian 1995c, 1997a). In fact, he singlehandedly resusci- 
tated the concept of the archetype from the ashes of Geoffroy’s 
devastation at Cuvier’s hands two decades before (Appel 1987), 
even though at first, he was violently opposed to the concept 
(Sloan 1992; Padian 1995c, 1997a). He accepted a kind of trans- 
mutation of species, but not completely by natural means, and 
he would not have accepted that birds evolved from any known 
kind of reptile, living or extinct (Desmond 1982). Yet he had no 
hesitation in proclaiming dinosaurs different from other rep- 
tiles and as close to the mammalian condition as reptiles had 
ever come. 

It is all the more ironic, then, that today, there is such inter- 
est in defending dinosaurs as mere reptiles. These authors do not 
use phylogenetic analysis that underlies the comparative method 
we outline below, and that Witmer (1995a) epitomized so well 
in his concept of the Extant Phylogenetic Bracket (EPB). We 
agree that, without a phylogenetic perspective, it is difficult to 
see how to evolve from one set of taxa with certain characters 
and features (e.g., basal reptiles) to another (e.g., dinosaurs and 
eventually birds). If we do not study these problems phylogenet- 


ically, even if we admit that there is some “variation” within 
groups, how are we escaping typology? 

We contend that, with a few exceptions, the continuing 
dialectic about dinosaur physiology is less a matter of evidence 
than of preconception (Padian and Horner 2002). Those work- 
ers who are impressed that dinosaurs are reptiles are inclined 
to begin with the assumption that dinosaurs were ectothermic 
because they were reptiles; that in their features of structure, 
growth, and behavior, they were much like living reptiles; and 
that no particular evidence need be adduced to support this 
default position. This position, we contend, is typological and 
is even argued in the terms that Owen, Linnaeus, and other pre- 
Darwinians used. 

However, those workers who conclude that dinosaurs were 
more like birds and mammals than like other living reptiles find 
many analogical features that extinct dinosaurs share with mam- 
mals and birds. They also use the EPB approach, and are im- 
pressed by the many phylogenetic analyses that conclude that 
birds evolved from dinosaurs and that dinosaurs share many 
unique features with birds. This argument is thus based on both 
structural analogy and phylogeny, specifically phylogenetic 
systematics; but whether this heritage is enough to draw physio- 
logical inferences depends on the extent to which those shared 
features of birds and other dinosaurs have distinct physiological 
implications (Witmer 1995a). 

Because nonavialan dinosaurs are extinct, it is not possible 
to decide conclusively most aspects of their physiology and be- 
havior. On the basis of the evidence that we discuss below, we 
contend that (1) dinosaurs were, in many respects, more like liv- 
ing large birds and mammals than they were like living reptiles; 
(2) more physiological advances occurred at or near the origin 
of dinosaurs than at the origin of birds; (3) not all dinosaurs 
were alike in these physiological respects, any more than living 
mammals or birds are all alike; and (4) comparative biology is a 
better guide to evolutionary paleobiology than typology is. We 
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also discuss some suggestions for the possible resolution of 
problems based more on definition and preconception than on 
evidence. 


Methods 


We accept that phylogenetic reconstruction based on shared 
derived characters is the most reliable guide to understanding 
the actual pattern of evolution. This is the view of the great 
majority of systematic biologists, regardless of what taxon they 
work on, and whether they analyze molecules or fossils. And, 
as many works have shown (Eldredge and Cracraft 1980; Padian 
1982, 1995b, 2001a; Brooks and McLennan 1991), phylogeny is 
a useful test of hypotheses about evolutionary processes as played 
out in evolving lineages. 

Hypotheses about whether a particular extinct organism had 
acertain physiological or behavioral condition or feature can be 
assessed in only two ways. First, it must be shown that a certain 
structure (or other evidence preservable in fossils) was necessary 
and sufficient for the condition in question. Second, the same 
structure must be unambiguously necessary and sufficient in a 
living animal (the actualistic hypothesis). So far, no unambigu- 
ous indicators of physiology are recognized in the fossil record. 
All indicators are indirect, correlated to a greater or lesser extent 
with metabolism. But no feature, despite some published state- 
ments, is “causally correlated” or a “Rosetta Stone” for metabo- 
lism. Consequently, the presence or absence of a single feature 
connected to physiology is less persuasive than a pattern of sev- 
eral such features placed in phylogenetic context. 

Hypotheses about how a given condition evolved in a line- 
age are hypotheses of process. Normally, they are guided and 
constrained by what we think we know about the biology of 
living organisms. We sometimes allow that evolution may have 
pushed some extinct forms to different limits when they fall 
outside the range of extant organisms. We can construct any 
number of hypotheses about how a given condition evolved, but 
how do we know which of these hypotheses is more plausible 
than any other? One way is to examine the pattern of evolution 
of the lineage in question, based on robust phylogenies. Phylo- 
genetic patterns, based on cladistic methods, do not rely on ideas 
about what evolutionary processes and pathways are more or 
less likely. So they provide an independent test of process-based 
hypotheses, without being final arbiters (Eldredge and Cracraft 
1980; Padian 1982, 1995b, 2001a). 

For example, a perspective unrooted in phylogeny could 
regard dinosaurs as ectothermic simply because they are reptiles 
and not birds or mammals. An alternate approach would map 
characters related to physiology and behavior on a phylogeny 
built from other characters, and infer from this logical structure 
the points at which the former characters may have first ap- 
peared (Eldredge and Cracraft 1980; Brooks and McLennan 
1991; Witmer 1995a). To be considered seriously in this debate, 
any feature must be uniquely shared and must have uniquely 
demonstrable metabolic consequences. This is why it is not 
enough merely to look at single features; the entire picture must 
be considered. 


Typological Approaches to Dinosaurian Biology 


All authors who review the history of issues of physiology, me- 
tabolism, and behavior in extinct dinosaurs agree that these 
questions will never reach unanimity, because direct observa- 
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tion is impossible. In published works, the statements that fol- 
low this truism generally explain the authors’ respective philo- 
sophical bases. We review some recent syntheses of the issues, 
because the philosophical structure of these arguments is at least 
as important as the adduced evidence. 

Paladino et al. (1997) provided a thoughtful and readable per- 
spective that dinosaurs were essentially little more than gigantic 
versions of large living reptiles, such as sea turtles and Komodo 
dragons (see also Paladino and Spotila 1994). Their approach is 
to look at metabolic processes in living reptiles and to extrapo- 
late how they would work at the larger sizes of dinosaurs. This is 
a perfectly defensible approach, of course; it is one way to pre- 
dict what dinosaurs might actually have done. But how would 
we know if the projections were inaccurate? 

To begin with, Paladino et al. (1997) suggest that paleontol- 
ogists may have relied too much on a phylogenetic approach 
when considering paleophysiology. Because extinct dinosaurs 
are more closely related to birds than to crocodiles, paleontolo- 
gists may be predisposed to conclude that birds are better meta- 
bolic models than are crocodiles. This would be a mistake, they 
caution, because the early members of clades are likely to be 
more similar to each other than to highly derived members. (We 
agree that this would be true, of course, providing there is clear 
evidence that these similarities are rooted in particular meta- 
bolic characteristics and not simply assumed.) Note that these 
authors are rejecting from the outset the view that phylogenetic 
analysis, which adduces the actual sequence of transitions of 
features from taxon to taxon, is a relevant method. 

As an example of the pitfalls of the phylogenetic method, 
Paladino et al. use the classic cladistic formulation that the lung- 
fish is phylogenetically closer to the cow than to the trout. This 
is a mistake for interpreting physiology, they say, because the 
trout and lungfish have more primitive characters in common, 
and this vindicates the traditional Linnean system that regards 
these two animals as fishes. But for several reasons, this is a poor 
example. First, one hardly needs a cladogram to demonstrate 
that cows are far different physiologically from the other two 
animals. Second, lungfishes actually share some features with 
all tetrapods (not only the admittedly extreme example of cows) 
that are physiologically important. They have internal choanae, 
functional lungs, fleshy limbs, and the ability to survive seasonal 
dryness. We do not know if the first tetrapods were physiologi- 
cally more like the lungfishes of today than like tetrapods of 
today, but they could certainly do things that both ancient and 
living trout relatives cannot. And these features were directly re- 
lated to the ability of such sarcopterygians to survive on land. 
This is why we need to use phylogeny, not discount it. 

Paladino et al. (1997:492) note that living birds do not have 
teeth or a long bony tail, although “some Mesozoic birds did,” 
and that these are “two other features in which dinosaurs more 
closely resemble crocodilians than modern birds.” Hence, we 
should conclude that dinosaurs were more like crocodiles than 
birds. But if basal birds had teeth and a long bony tail, why were 
they not like crocodiles too, even though they had feathers (as 
we now know the closest dinosaurs to birds did)? This inconsis- 
tency in logic underscores the problem of abandoning a phylo- 
genetic perspective in asking evolutionary questions. 

Despite these limitations, Paladino et al. (1997) summarize 
a great deal of comparative information about the physiology 
of living animals and extrapolate situations for extinct dino- 
saurs, based on first principles and data from extant forms. They 
conclude that dinosaurs could have functioned perfectly well 
as gigantic versions of ectothermic reptiles. This conclusion 
may be valid, although we will argue below that other data 
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FIGURE 29.2. Phylogenetic distribution of amniote lungs. (From Hicks and Farmer 1999.) 


suggest an interpretation that is more consistent with empirical 
observations. 

Ruben and his colleagues (e.g., Ruben et al. 1997a, 1998b, 
1999) rely on several key features or “Rosetta Stones” that they 
invoke to put to rest the idea that dinosaurs had any avian or 
mammalian physiological features. One such feature is nasal 
turbinates, which they say have a functional association with 
high lung ventilation rates and endothermy in living birds 
and mammals. It is not true, however, that all living birds and 
mammals have these structures, it has never been shown that 
they are essential to endothermy, and it has not been shown 
that dinosaurs did not have them or could not have had them 
(or something like them). Respiratory turbinates do not fuel 
lung ventilation rates, tidal volumes, or gas exchange efficiency 
in the lungs. They mainly recover exhalant moisture, but there 
are other ways that animals can conserve, store, and recover 
water. Moreover, such structures do not have to be ossified, and 
they do not have to be readily preserved in the fossil record. In 
Victorian times, it was acceptable, if logically weak, to argue on 
the basis of negative evidence (Padian 1995a, 1995b), but today 
it is not. Finally, Owerkowicz and Crompton (2001) have shown 
that both turbinates and trachea serve the functions discussed 
above; however, mammals use turbinates more extensively, 
whereas birds rely more on the trachea. In this context, it may 
not be surprising that Mesozoic theropods have so far shown 
little evidence of turbinates; however, they do have unusually 
long necks (Gauthier 1986). 

Ruben et al. (1997a, 1998b, 1999) have also argued that dino- 
saurs must have had a simple unicameral lung inflated by a he- 
patic piston attached to the apron of the pubis, as in crocodiles. 
There are many problems with this interpretation (Perry 1992, 
1998; Hicks and Farmer 1999; Christiansen and Bonde 2000). 
First, other paleontologists do not accept their interpretation 


that the colored stain within the body area of the small thero- 
pod dinosaur Scipionyx is the liver (Currie and Chen 2001). 
Second, there is no evidence that the pubic apron anchored a 
diaphragmaticus muscle; phylogenetic and anatomic evidence, 
placed in a phylogenetic framework, indicate that this area was 
the attachment point for M. pubo-ischio-femoralis externus 1 
(Hutchinson 2001a). If a kind of M. diaphragmaticus attached 
here, it could only have attached superficially, but there is no 
evidence of it in other theropods, other dinosaurs, or any or- 
nithosuchian outgroups. Third, the configuration of the pubic 
apron in theropods, as in other saurischian dinosaurs, is a vari- 
ably broad plate that presents a craniodorsally oriented surface 
to the chest cavity. In crocodiles, the pubic apron conforms to 
the shape of the abdominal wall and so is an extension of the 
cylindrical pelvic girdle of other reptiles. Its broadest surface is 
ventral, approaching the ventral ribs. Thus, the structures in 
the two animals are oriented in completely different directions, 
which provides no support for functional inferences of similar- 
ity. Fourth, it is strange to posit a unicameral lung for dinosaurs. 
As Perry (1992, 1998) showed, a multicameral lung is far more 
likely, because it is so broadly distributed in reptiles; unicameral 
lungs are found only in small animals or those with low meta- 
bolic rates, and are clearly secondarily derived, not primitive, 
within reptiles (fig. 29.2). This is another reason why the phylo- 
genetic distribution of structures must be respected in framing 
evolutionary hypotheses. Finally, Ruben et al. (1997a, 1998b, 
1999) stated that it would not be possible to evolve an avian lung 
from their reconstruction of a dinosaurian lung without rup- 
turing the internal musculature. If this statement is true, then 
either their reconstruction is wrong or birds could not have 
evolved, because Ruben et al. do not provide a model of a lung 
from which the avian lung could have evolved, and do not show 
which known animals have or could have had it ancestrally. 
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A Transformational Approach 
to Dinosaurian Physiology 


Transformational approaches use hypotheses of both patterns 
and processes to reconstruct evolution. Reid (e.g., 1997a, 1997b) 
has most effectively articulated the case for “intermediate” dino- 
saurs in transformational terms; that is, Mesozoic dinosaurs were 
neither exactly like extant ectotherms nor extant endotherms, 
a proposition that Ostrom (1970b) first advanced and Dodson 
(1974) vigorously defended. In so doing, Reid has recurred to the 
biology of the basal archosaurs from which dinosaurs evolved, 
and has acknowledged the origin of birds from coelurosaurian 
dinosaurs in reconstructing the biological context of the first 
birds. The question, as Reid and other authors have pointed out, 
is to determine in what respects dinosaurs may have been like 
the ectotherms and endotherms that we know, and how they 
may have been different from anything known today—given 
that all relevant variables can only be indirectly assessed. Reid, 
considering the situation in living archosaurs (birds and croco- 
diles; Witmer 1995a), argues that dinosaurs had a circulatory 
system that was more like those of birds than of other reptiles, 
with a fully developed double-pump system and well-separated 
left and right chambers. Otherwise, it is difficult to imagine how 
large sauropod dinosaurs could have acquired their great size, 
and difficult to explain the long necks and cervical postures of 
dinosaurs in general. 

Acknowledging that large dinosaurs would have been by 
default inertial homeotherms, immune to daily vicissitudes of 
temperature, Reid then asks what model is most appropriate for 
small dinosaurs. He noted (Reid 1997b:457) that “small forms 
would automatically have higher mass-specific SMRs [standard 
or basal metabolic rates] than large ones, without this imply- 
ing any movement toward endothermy—although, lacking the 
temperature stabilization of mass effects, they could have been 
under greater selection pressure to move toward it.” Reid ex- 
plains that if the model of Regal and Gans (1980) is followed, 
dinosaurs could have retained a low SMR that would have al- 
lowed them to devote more energy derived from their food to 
growth. But Reid thinks that such dinosaurs were at least moving 
toward endothermy, because they would have had “a double- 
pump circulation, full aerobic activity, and a capacity for fast con- 
tinuous growth.” As Reid (1997b:468) notes, animals with this 
combination of characters (double-pump hearts, fast-growing 
fibrolamellar bone, and a cardiovascular system capable of 
supporting its growth) could in no way be merely large “good 
reptiles.” “Mass homoiothermy,” Reid continues, “also cannot 
explain fast continuous growth in small species and juveniles 
too small to show mass effects, or alone explain the ability to 
grow quickly to large sizes.” We agree. 

Where we tend to part company with Reid is on the empha- 
sis accorded to the interpretation of vascular structures in dino- 
saur bones. Reid (1997b:469) acknowledges that basal metabolic 
rates must be separated from various measures of activity rates, 
and that for the latter, there may be little difference between endo- 
therms and ectotherms. He also acknowledges that dinosaurs 
grew continuously at high rates, as the predominance of well- 
vascularized cortical tissue in their long bones indicates. But he 
does not infer that this well-vascularized cortical tissue had to be 
produced by high basal metabolism (regardless of adult size), 
and for two reasons. First, other reptiles of today can produce the 
same tissue, sometimes in a sustained mode; and second, dino- 
saur bones also have other structures such as growth lines that 
indicate slow growth. He finds that dinosaurs would best fit an 
“intermediate” model between living reptiles and birds. 
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Certainly, living reptiles can produce bone that reflects rapid 
rates of growth; however, this occurs nearly always at young stages, 
at which stages almost all tetrapods grow more rapidly than 
when they are older (J. R. Horner et al. 2001). A rapidly growing 
young alligator, even kept at optimal conditions, does not ordi- 
narily produce fibrolamellar bone; moreover, its vascularization, 
although higher than in crocodiles, is not as high as in dino- 
saurs, and is normally dominated by longitudinal vascular canals 
that are characteristic of slow-growing bone (Castanet et al. 1996). 
(For definitions and descriptions of these tissues, see Reid [1996, 
1997a] and Ricqlés [1980].) Reid’s (1997a: fig. 32.7a, b) figures of 
a young, wild-caught alligator from North Carolina show a 
matrix of bone described as fibrolamellar, with numerous small, 
longitudinally oriented osteons that frequently anastomose ra- 
dially. For a crocodile, this is well-vascularized tissue that is prob- 
ably growing rapidly; but it differs from the bones of young dino- 
saurs of the same size. Those dinosaur bones have larger osteons 
set in a laminar or plexiform pattern that reflects much higher 
rates of growth; there are more and larger vascular canals, and 
their orientations are more complex (Castanet et al. 1996; J. R. 
Horner et al. 2001). Furthermore, the difference between the 
characteristic cortical matrices of dinosaurs and pterosaurs, on 
the one hand, and pseudosuchians (archosaurs including and 
closer to crocodiles than to birds) on the other, is distinct in 
terms of ontogeny and phylogeny and was probably so since the 
split between these two archosaurian subgroups, sometime be- 
fore the Late Triassic (Ricqlés et al. 2000; Padian et al. 2001b). It 
would be good to have more specific information about the in- 
dividual alligator that Reid describes, because it appears to be 
anomalous with respect to the usual crocodylian (and pseudo- 
suchian) pattern, unless it merely represents a rapidly growing 
juvenile stage. 

Reid’s (1997b:463, fig. 32.7c) other example of a rapidly grow- 
ing extant reptile is bone from a half-grown Galapagos tortoise, 
which is well-vascularized, reticular fibrolamellar bone without 
growth rings. Again, we would hypothesize that the tortoise is 
laying down this kind of bone because it is growing rapidly, as 
Reid (1997b:464) also accepts; and this would be expected, be- 
cause animals of large adult size generally have higher growth 
rates than smaller animals (Case 1978a). What is interesting, of 
course, is that both the alligator and the tortoise have much lower 
basal metabolic rates than do endotherms. If they produce the 
same bone as dinosaurs did through life, why claim that dino- 
saurs had high basal metabolic rates? In our view, the kind of bone 
deposited is crucial to consider: not simply whether it is reason- 
ably well vascularized or contains fibrolamellar tissue, but how 
well vascularized it is, what the vascular pattern is (laminar or 
plexiform versus longitudinal with occasional anastomoses), and 
how predominant the fibrolamellar tissue is. In these respects, our 
observations clearly separate dinosaurs and their relatives from 
crocodiles and theirs (Padian et al. 2001b; Ricqleés et al. 2003). 

The second point that Reid raises concerns the meaning of 
“growth lines” in cortical bone. These are plesiomorphic in ver- 
tebrates, and retained in mammals and birds that grow large 
enough, or slowly enough, to record them (J. R. Horner et al. 
1999, 2000, 2001). Reid (1997b:464) takes the presence of these 
lines, which are found in nearly all dinosaurs, to mean that dino- 
saurs were “able to grow in the manner of ectothermic reptiles 
as well as that of endothermic mammals, and as sometimes also 
growing in both styles in different parts of their bodies.” This 
important point underscores the fact that different bones grow 
in different ways and at different rates in the same individual, 
which was as true of Mesozoic dinosaurs (Horner et al. 1999, 
2000) as it is of living birds (Castanet et al. 1996). 


However, not all growth lines are the same, nor do they nec- 
essarily carry the same biological meaning. In many (but not all) 
living taxa, they are deposited annually, and this hypothesis 
has been tested and sustained for at least some dinosaurs, based 
on independent measures of tissue growth (Horner et al. 2000). 
However, different numbers of lines of arrested growth (LAGs) 
can be deposited in different bones of the same skeleton, some- 
times more lines than the plausible age of the animal (Horner 
et al. 1999). And although some dinosaur bones show growth 
lines with successively decreasing intervals toward the periph- 
ery (Reid 1997a: fig. 32.10), in others the lines can be of uneven 
intervals (e.g., Chinsamy 1993). 

Moreover, there are many different kinds of structures called 
“growth lines.” Some are broad bands of avascular or nearly 
avascular bone that interrupt vascularized parallel-fibered or 
fibrolamellar bone. This is the “lamellar-zonal” structure seen 
in slowly growing living reptiles and amphibians. These bands 
represent a considerable amount of time of deposition, as their 
poorly vascularized structure indicates. Other lines do not com- 
prise a separate band of deposited tissue, but are simply dark, 
slightly scalloped lines that may reflect not just a pause in dep- 
osition, but some erosion of previously existing tissue. These are 
the LAGs most commonly seen in dinosaur and pterosaur bone 
(Reid 1996; Horner et al. 1999, 2000; Ricqlés et al. 2000), as well 
as in the bones of many crocodiles and even birds and mammals 
(particularly those of larger size that take more than a year to 
mature). Other kinds of growth lines may form because of cor- 
tical drift, reproductive stress, environmental stress, seasonal 
variation, or endogenous rhythms. They do not always encircle 
the cortex completely, and they may be visible in only part of 
the shaft. And still others, called “false LAGs,” have no erosional 
structure and disappear under close magnification (Ricqlés 1980). 
They may represent a slight pause in deposition, but the neces- 
sary relation of these lines, like the other categories, to thermal 
physiology is not clear and does not appear to be the same in all 
taxa. For all these reasons, it is important to keep separate the 
different kinds of growth lines, which require more research and 
understanding. 

Because growth lines are plesiomorphic for vertebrates, and 
some kinds of them are found in endotherms, it is difficult to use 
the simple presence of any kind of growth lines as an indica- 
tion that extinct taxa were not endothermic (Horner et al. 1999, 
2000; Schweitzer and Marshall 2001). We find a lot of plausi- 
bility in Reid’s “intermediate” hypothesis, because it explains 
many patterns and presents a model that is consistent with a 
great deal of evidence. However, we tend to see the glass more 
as half full than as half empty. Our reservations are, first, that 
the bone matrix in dinosaurs and pterosaurs is predominantly 
fibrolamellar bone that is unlike those of other reptiles and re- 
flects sustained rapid growth; and second, that “growth lines” 
are heterogeneous affairs that take many forms, some of which 
are found in living endothermic tetrapods, as well as in dino- 
saurs and pterosaurs. 

We return to Reid’s central issue, that of basal metabolic rates, 
which are impossible to measure directly in these extinct ani- 
mals. There is no reason to assert a priori that dinosaurs were 
more like other reptiles in this respect than like birds and mam- 
mals. Unlike other reptiles, dinosaurs show derived features of 
their bone histology that are associated with sustained rapid 
growth and high metabolic rates in both birds and mammals. At 
some point, the physiological transition to the condition of 
living birds occurred. Basal birds may not have been exactly 
like living birds in all metabolic respects, but they appear to have 
been endothermic (pace Ruben 1991) because they have a full 


complement of feathers, which are ipso facto insulatory devices. 
They were not substantially different from other dinosaurs and 
pterosaurs in the osteological features that reflect growth rates 
and underlying sustained metabolism, even though they are dif- 
ferent from pseudosuchian archosaurs in these respects (Padian 
et al. 2001b). 

Finally, Chinsamy and Hillenius (this vol.) argue that be- 
cause ectothermy is a primitive condition for amniotes, it is a 
priori parsimonious to infer that extinct amniotes, such as di- 
nosaurs, were ectothermic, and hence it is not necessary to 
search for supporting evidence of this. In addition to being a 
misuse of the concept of parsimony (Johnson 1982), the state- 
ment is illogical. The reason is again based in our acceptance as 
biologists that evolution is the central principle of biology, and 
hence that phylogeny is a reflection of evolution. At some point, 
the differences that separate living descendants of lineages must 
have evolved. Because well more than 99.99% of all taxa that 
have ever lived are extinct, those transitions are likely to have 
occurred in fossil organisms. 

If all amniotes were ectothermic, then it would be highly 
probable that dinosaurs were ectothermic. However, because 
birds are endothermic, and they evolved from reptiles, at some 
point, endothermic features had to evolve; and if the first birds 
were endothermic, this must have taken place in nonavialan 
theropods or in a broader ancestral group. For this reason alone, 
all extinct animals that lie between (endothermic) crown group 
birds and their next extant outgroup (ectothermic crocodiles) 
are of questionable physiological status that cannot be assumed 
a priori. A simple example will demonstrate this. Birds have fully 
erect posture, but crocodiles, lizards, and turtles do not. If dino- 
saurs were ectothermic, we would then have to assume that 
they were not fully erect, and we would not be required to ad- 
duce evidence to demonstrate it. However, as Owen showed when 
he erected the taxon, dinosaurs were indeed fully erect in a way 
that no other reptiles are. Witmer (1995a) formalized this prin- 
ciple of analysis as part of his consideration of the logic sur- 
rounding the EPB. We assume that the extinct horse Merychip- 
pus had fur not only because all horses today do, but because 
other perissodactyls and nearly all other mammals do, except if 
it is secondarily lost. But we cannot infer that a kannemeyerid 
dicynodont, a Triassic relative of mammals, similarly had fur, 
because it is outside the group of extant taxa known to have fur. 
The level of inference depends partly on the preservation of 
necessary structures that delimit the feature, and partly on the 
level of phylogenetic relationship. 

Some dinosaurs produce LAGs and some do not. We sug- 
gest that these animals produce LAGs not because they cannot 
grow all year, but simply because they do not grow all year—at 
least, not at uniform rates. But this is also true for mammals, 
especially mid-sized and larger ones that take more than several 
weeks to mature. Food and water may be seasonally scarce; 
temperatures may vary seasonally; but none of these factors 
necessarily restricts growth, as the bones and teeth of most 
living ungulates show. Furthermore, cold-weather mammals 
brought inside for the winter and fed well still deposit rest lines, 
suggesting that these lines are at least in part endogenous—as 
they are in crocodiles (Buffrénil 1980). 

Today’s dinosaurs—birds—do not have LAGs for a simple 
reason: they reach adult size before LAGs would be deposited. 
Most small birds reach adult size in 6-12 weeks or less, and they 
sustain rapid growth until they reach full size. Most of these are 
passerines and other small species, but even the kiwi, which 
grows more slowly than do most birds, reaches full size in less 
than a year (Reid and Williams 1975), and tinamous do so in 
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28 weeks (Bohl 1970). Many small birds do not deposit fibro- 
lamellar tissue like that in larger birds and other dinosaurs, so it 
is difficult to compare them with larger birds. However, even 
some small birds are known to deposit LAGs that are decidedly 
not annual (Van Soest and Van Utrecht 1971; Klevezal et al. 
1972). Even among large birds that deposit fibrolamellar tissue, 
the rhea and the ostrich reach adult size in less than a year 
(Bertram 1992), too short to reflect an annual LAG. 

LAGs are known to be annual in some living tetrapods, al- 
though skeletochronology is not always so straightforward. In 
fossil taxa, LAGs are sometimes merely assumed to be annual, 
but this assumption can be tested. In Maiasaura, for example, 
the thickness between successive LAGs in the larger long bones 
is consistent with what would be expected in a year, based on 
the rates of deposition of the particular kind of fibrolamellar 
tissue seen in living animals (Horner et al. 2000). However, it 
appears that a LAG was not deposited during the first year, pre- 
sumably because the animal was growing so quickly. We expect 
that this was the case for large dinosaurs in general, although 
smaller ones had a decidedly different growth regime (Padian 
et al. 2001b). 

Chinsamy and Hillenius (this vol.) argue that fibrolamellar 
bone interrupted by LAG suggests an alternating/fluctuating 
physiological condition, which would come from poikilothermy 
or heterothermy. This hypothesis can be tested by looking at 
extant animals in which LAGs are deposited. As noted above, 
although living birds apparently reach maturity too quickly to 
deposit LAGs, this is mainly because they are too small. But 
both the Eocene giant anseriform relative Diatryma and the Pleis- 
tocene giant ratite Dinornis (both members of the crown clade 
of birds, and therefore presumed endothermic) deposited LAGs 
that are identical to those inferred to be annual in extinct large 
nonavialan dinosaurs (Horner et al. 1999; Ricqles et al. 2001). 
We infer from these data that, if crown group birds evolve a suf- 
ficiently large adult size, they will deposit LAGs if they take over 
a year to reach maturity. No one has proposed that Diatryma 
and Dinornis were poikilothermic or heterothermic, however, 
and such physiological limitations cannot be claimed for the 
elk, a living mammal—known to be endothermic—that also 
deposits LAGs and takes more than a year to mature (Horner 
et al. 1999). Thus the view that LAGs by themselves necessarily 
show anything about physiological regime is falsified. 


Growth Rates 


As Amprino’s Rule states, the kind of bone tissues deposited di- 
rectly reflects the rates at which they are deposited (Amprino 
1947). Large Mesozoic dinosaurs and pterosaurs deposited well- 
vascularized fibrolamellar bone throughout their ontogeny, 
with few exceptions. This is in sharp contrast to the situation for 
all known pseudosuchians (including crocodylians; fig. 29.3). 
We assessed the subadult tissues deposited in the bones of a va- 
riety of living and extinct archosaurs, and compared the growth 
rates of these tissues with those observed in living birds (Cas- 
tanet et al. 1996, 2000). Our only assumption is the actualistic 
one that a given kind of tissue is deposited at the same approxi- 
mate range of rates, regardless of the taxon (Amprino 1947). We 
then superimposed these inferred growth rates, which are no 
more than a summary of the distribution of tissues at the sub- 
adult stage, on a standard phylogeny of archosaurian reptiles 
(fig. 29.3). These rates were based on observed rates of growth in 
some living bird tissues (Castanet et al. 1996, 2000). Since these 
rates were calculated, new work in the same laboratory has shown 
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substantial overlap in growth rates—indeed, often much higher 
growth rates than first observed (60-100 microns per day or more) 
in some tissues of the fibrolamellar complex (Margerie et al. 
2001). Because bones of extinct dinosaurs often comprise the 
same tissues, it is possible that growth rates were even higher 
than previously conservatively estimated (Padian et al. 2001b). 
However, all these fibrolamellar tissues grow substantially faster 
than do the lamellar-zonal tissues found in pseudosuchians. 
Our pattern (fig. 29.3) would be falsified if extensive overlap be- 
tween fibrolamellar and lamellar-zonal growth rates were sys- 
tematically identified. 

The results are straightforward. Pseudosuchian archosaurs, 
even large ones, grew at much slower rates than ornithosuchian 
archosaurs of the same size. Although it is an inference to sug- 
gest that such sustained high growth rates were probably sup- 
ported by high basal metabolic rates, we know of no other ex- 
planation, and none has yet emerged from physiological studies. 
In apparent contradiction to our generalization, some members 
of the ornithosuchian lineages grew at lower rates did than 
others. These are smaller members of their lineages, which, as 
Case (1978a) noted, tend to grow more slowly to their smaller 
adult size than do larger taxa (fig. 29.4). Hence, their tissues 
should reflect lower growth rates, which we have assigned con- 
servatively. More importantly, however, new stories, such as 
Margerie et al. (2001), are changing the calibration of some of 
these rates of tissue growth, although they are not falsifying 
Amprino’s Rule. 

Growth slowed with age in dinosaurs and pterosaurs, as it 
does in mammals and all other known tetrapods (Horner et al. 
1999, 2000; Ricqlés et al. 2000; Erickson et al. 2001). However, 
in dinosaurs, this growth did not slow until much later in on- 
togeny than it does in living nonavian reptiles, if the kind of 
tissue deposited is any indication (Amprino 1947). Slowed 
growth is reflected by reduced vascularization, predominance 
of longitudinal canals to the near exclusion of radial and cir- 
cumferential canals, less space between successive LAGs (which 
may not appear at all in early growth stages), a permanent layer 
of endosteal bone deposited along the perimeter of the mar- 
row Cavity, and the onset of a nearly avascular layer, the external 
fundamental system, beneath the periosteum (Cormack 1987; 
Castanet et al 1993; Reid 1996). The growth curve of a large dino- 
saur, such as Maiasaura, reconstructed from its bone tissues 
(Horner et al. 2000), is qualitatively different from that of croc- 
odiles, even large crocodiles, such as the Cretaceous Deinosuchus 
(fig. 29.5; Erickson and Brochu 1999). Therefore, not only is 
the sustained deposition of fibrolamellar bone important; it 
provides the only evidence we have of the rates at which dino- 
saurs actually grew. Finally, inasmuch as sustained skeletal 
growth is only found in animals with sustained high metabolic 
rates, such as living birds and mammals, it is difficult to avoid 
the conclusion that the metabolic rates of the dinosaurs that 
produced such sustained high growth rates must have been en- 
ergetically more like birds and mammals than like typical rep- 
tiles of today. 

Finally, concerning the metabolic status of some Mesozoic 
birds, we conclude that the histological features of their long 
bones suggest not the incomplete evolution of endothermy 
(e.g., Chinsamy et al. 1995), but the slowdown of growth rates, 
a strategy that basal birds used to become miniaturized relative 
to their larger theropod relatives (Erickson et al. 2001; Padian 
et al. 2001b; Ricqlés et al. 2001). The previous conclusion of in- 
complete endothermy was based on examination of the histo- 
logical profiles of parts of sampled bone cortices at an unknown 
ontogenetic stage and directly inferring physiological regime 
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FIGURE 29.3. Cladogram of archosaurian taxa, after various sources, with subadult long bone growth rates superimposed. Darker stem lines 
denote higher growth rates. Rates were based on observations of cortical tissues of subadult femora and tibiae, compared with the same kinds of 
tissues of known growth rate in the mallard, ostrich, and emu. Calibrations, however, are very conservative, based on a range of rates. (Based on 


Padian et al. 2001b.) 


from it. In contrast, the latter conclusion is based in both on- 
togeny and phylogeny; recognizing that birds evolved from rap- 
idly growing theropod dinosaurs, it becomes evident that the 
bone tissues that reflect a predominance of slowly growing tis- 
sues would result in a smaller adult size. 

Our inferences about the comparative growth rates of dino- 
saurs and other living and extinct reptiles are consistent with 
some predictions from actualistic physiology. Dunham et al. 
(1989:6) used models that integrate nutritional energetics and 
life-history variation to approach the problem of how quickly 
a dinosaur, such as Maiasaura, could have grown to adult size, 
based on the variables that they could assess. “Even in the ab- 
sence of limitations due to environmental availability of food, 
it is unlikely that dinosaurs of the same order of adult size as 
Maiasaura peeblesorum or larger could have matured in less than 
about five years.” This is consistent with our projections of about 
seven years to adulthood for Maiasaura; and, as Dunham et al. 
note, their model does not depend on ectothermy or endo- 
thermy as a physiological model. 


Evolution of Endothermy: A Molecular Model 


The long history of commentary on the evolution of endothermy 
has tended to rely more on knowledge of selective processes 
than on knowledge of pattern. This is understandable, because 
there are few—if any—direct lines of evidence about the molec- 
ular basis of endothermy that can be preserved in the extinct 
organisms that would be involved in phylogenetic analyses of 


metabolic evolution. Recently, however, Schweitzer and Marshall 
(2001) have provided a molecular model of the evolution of en- 
dothermy that is rooted both in molecular process and phylo- 
genetic pattern. Molecular processes, they note, can work across 
a wide range of body temperatures and basal metabolic rates. 
However, in endotherms, those processes generally work within 
a narrower, and higher, set of ranges. Schweitzer and Marshall 
ask how these rates may have increased incrementally, so as 
to preserve the functions of integrated organismal systems, and 
whether phylogenetic evidence can provide any test for hy- 
potheses about metabolic evolution. 

In their model (fig. 29.6), mutations in B-hemoglobin chains 
that bind more negatively charged organophosphates stabilize 
the deoxy-form of hemoglobin and lower its affinity for oxygen. 
This allows more oxygen to be delivered to the tissues. Because 
excess oxygen forms free radicals that are toxic, mitochondria 
within the cells would multiply to produce higher concentra- 
tions of the enzymes that reduce oxygen radicals to water. In- 
creased numbers of mitochondria increase ATP production and 
accompanying waste heat, and so increase the demand for oxy- 
gen. This step would require a more efficient circulatory system, 
but if the common ancestor of archosaurs had a four-chambered 
heart, as crocodiles and birds do, then the basis for improvement 
was already present. Pulmonary efficiency would also need to 
increase, but as we have noted, ornithodirans probably already 
had multicameral lungs, because these are generally distributed 
in reptiles; moreover, they were likely to have been dorsally at- 
tached, and this, as Schweitzer and Marshall note, essentially 
“pre-expands” the lung to a larger volume than in sprawling 
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FIGURE 29.5. Comparative growth histories of the hadrosaurid 
dinosaur Maiasaura and the giant Cretaceous crocodile Deinosuchus, 
with typical crocodiles for comparison (crocodile data from Erickson 
and Brochu 1999). Deinosuchus grows slightly more rapidly and extends 
its active growth curve more than crocodiles, but the curve for 
Maiasaura, a large dinosaur with respect to its growth profile, is 
qualitatively different, reaching approximately the same adult size in 
about seven years, rather than 40 years or more (Horner et al. 1999). 
Although data on partial growth series have been collected for some 
dinosaurs (Erickson et al. 2001), none but Maiasaura is currently 
represented from embryo to adult. 


668 DINOSAUR DISTRIBUTION AND BIOLOGY 


reptiles, which compress their lungs from side to side as they 
walk (Carrier 1987; Perry 1992, 1998). 

Schweitzer and Marshall describe several consequences of the 
abovementioned modifications. We have mapped some of these 
in figure 29.7, along with other features (Padian and Horner 
2002: fig. 3), based on a standard phylogeny of Reptilia. First, 
the ability to grow more rapidly follows from better circulation 
and pulmonary efficiency, and histological studies show a dis- 
tinct difference between pseudosuchians and ornithodirans in 
tissue patterns that reflect growth rates, as noted above (Padian 
et al. 2001b). A second consequence is the ability to sustain aer- 
obic activity, and from this, improvements in posture, including 
habitual bipedality, an erect stance, and parasagittal gait. These 
features are characteristic of basal ornithodirans. Third, muscles 
would be expected to benefit from increased production of ATP 
by increasing mitochondrial efficiency, as in living tetrapods. In 
turn, integumentary insulation that can control the gain and 
loss of body heat assists metabolic processes to operate at high 
and constant levels. Feathers and other integumentary cover- 
ings are now known to have been present in a variety of non- 
avialan coelurosaurs, as well as in pterosaurs. 

The cumulative effects of these changes, Schweitzer and 
Marshall say, include the ability to invade new adaptive zones, 
inhabit less equable climates, and adjust reproductive strategies 
to fit these environments. The phylogenetic distribution of 
the features related to metabolic evolution that can be observed 
in preserved morphology supports their model in several ways. 
These features include rapidly growing tissues, erect posture, para- 
sagittal gait, bipedality, a four-chambered heart, multicameral 
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metabolism, and behavior. (From Schweitzer and Marshall 2001.) 


Troodontids 


Oviraptorids Ostrich Neognaths 


Sinosauropteryx 
1-4 eggs per clutch 


Sauropods 20 or fewer eggs per clutch 


Eggs pointed at one end 


Ornithischia "Ornithoid" eggshell; downy and vaned feathers; 
brooding posture, abdomen over eggs 


Filamentous epidermal covering (insulation) 


Theropods 


Pterosaurs 
Crocodiles 


Squamates Dinosaurs: 20-30 eggs per clutch; usually one functional oviduct; 


precocial-altricial spectrum 

Ornithodira: fibrolameltar bone matrix; high growth rates; high vascularity; pre-expanded lungs; sustained 
aerobic activity; improved circulation; strong separation of left and right ventricles; erect posture; parasagittal gait 
Archosaurs: four-chambered heart, left and right ventricles not well separated 


Turtles 


Reptilia: three-chambered heart; 30 or more eggs per clutch 


FIGURE 29.7. Cladogram mapping of some of the features discussed in the text on a phylogeny established on other characters from the 
skull, vertebrae, girdles, and limbs, and others inferred from molecular changes manifested in the skeleton (see Padian and Chiappe 1998b; 
Schweitzer and Marshall 2001). This transformational approach clarifies which features are really peculiar to birds, and which were already 
present in nonavian ornithodirans. It also suggests that most features associated with endothermy were already present before the origin 


of birds. 


lungs, insulatory coverings, and nest brooding usingtheabdomen about some aspects of their reproductive biology and their be- 
havior. As far as is known, all dinosaurs laid eggs (and continue 


to do so today), and the presence of identifiable embryos in some 
fossil eggs has permitted us to associate many kinds of eggs, 
which have diagnostic shell microstructures, with particular 
groups of dinosaurs (reviews in Carpenter et al. 1994b; Horner 
Given how difficult it is to preserve soft tissues in extinct dino- | and Dobb 1997; Mikhailov 1997b; Carpenter 1999). These fea- 
saurs, it is all the more surprising that we knowas muchas wedo _ tures, like any others, can be interpreted within a phylogenetic 


(see below). 


Reproduction and Behavior 
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framework. This approach provides the only known method to 
assess Characteristics in evolutionary context. 


Eggs and Clutches 


Only nonavian theropods and living birds have the same 
“ornithoid-ratite” eggshell morphotype (Moratalla and Powell 
1994). It is not true that retaining two functional ovaries and 
oviducts is a crocodilian feature, because paired ovaries have 
been recorded in at least 86 species of 16 different orders of birds; 
and although usually only the left oviduct is functional, ducks 
with two functional ovaries have been known to lay two eggs 
in one day (Welty 1979). 

Nor is it true that the number of eggs in nonavialan dinosaur 
clutches is reptilian and suggests that dinosaurs were r-strategists. 
Crocodiles lay from 30 eggs (American alligator; Goodwin and 
Marion 1978) to 32-43 eggs (American crocodile; Lutz and 
Dunbar-Cooper 1984) up to 80 eggs (Nile crocodile; Pooley and 
Gans 1976) in a clutch, and crocodiles are far smaller than most 
dinosaurs (such as sauropods, hadrosaurs, and theropods) that 
lay far fewer eggs. Whereas some birds lay as few as one or two 
eggs, the ostrich major hen lays an average of 11 eggs, and the 
mean number of incubated eggs in the nest (including those 
from minor hens) is 19 (Bertram 1992). Under the circumstances, 
it is difficult to regard known nonavialan dinosaur clutch sizes 
as “reptilian” (oviraptorid, 22; troodontid, 22-24; tyrannosaurid, 
26; titanosaurian, 6-20; Maiasaura, 16; lambeosaurine, 22), when 
their numbers are closer to those of large birds than to those 
of crocodiles. Furthermore, ostrich eggs, like those of the 
much smaller kiwi, are about the same size as those of Maiasaura 
(Horner 1999) and known sauropods (Chiappe et al. 1998a), the 
alligator, and Troodon (in descending order), but not nearly as 
large as those of lambeosaurines (Horner 1999). Hatching size 
(as a percentage of adult size) in the nonavialan dinosaurs clos- 
est to birds (oviraptorids and troodontids) is large, as in birds; 
not small, as in other reptiles. The phylogenetic patterns sug- 
gest that the retention of clutches of up to two dozen large eggs 
is a plesiomorphic feature of birds that was inherited from non- 
avialan theropod ancestors. So are the habits of laying asym- 
metrical eggs and retaining two functional ovaries (based on 
troodontids, which are phylogenetically closer to birds than are 
oviraptorids). This phylogenetic view, we think, explains the 
distribution of evidence better than a typological approach does. 


Parental Care and Growth Strategies 


The hypothesis that some dinosaurs provided extended care to 
their altricial young (Horner and Makela 1979; Horner 2000; 
J. R. Horner et al. 2001) does not have direct implications for 
endothermy, but indicates a growth strategy that is known only 
in extant endothermic animals. Altricial and semi-altricial young 
are provided food that they do not have to expend energy to ac- 
quire, and they use that saved energy to grow rapidly. Young 
crocodilians and other extant nonavian reptiles would likely 
also grow at a much faster rate if they, too, were afforded free 
food, as shown by captive crocodilians raised under optimal 
conditions. It is unlikely, however, as our previous discussion of 
growth rates and bone histology shows, that parental feeding of 
ectothermic reptiles would allow growth rates commensurate 
with those of Dinosauria, and in particular, Theropoda (J. R. 
Horner et al. 2001). 
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Whether dinosaur nesting behavior supports an endo- 
thermic physiology is not straightforward, first because it is vari- 
able (as it is in birds and other reptiles), and second, because 
evidence for it is indirect. Repeated examples of oviraptorids 
and troodontids squatting on nests of eggs with arms spread 
(Norell et al. 1995; Dong and Currie 1996; Varricchio et al. 1997; 
Clark et al. 1999) indicate that these animals were incubating the 
eggs, using their bodies to warm them. Geist and Jones (1996) 
purported to find more similarities here with crocodiles and 
other reptiles than with birds, and stated that the incubating 
syndrome is widely distributed among extant tetrapods. Again, 
this is a typological confusion of plesiomorphic and derived fea- 
tures. The oviraptorid is not resting its forward end on a nest 
mound like a crocodilian or wrapping its body around its eggs 
like a python, but is sitting with its abdomen centered directly 
on top of a neatly arranged clutch of eggs, identical to brooding 
birds. Its feet are tucked beneath the body and the (apparently 
feathered) forelimbs are spread to cover the eggs. To overlook 
this position, and comment only on generalized behaviors that 
relate to extant nonavian reptiles and amphibians, is not only 
typological but mistakes one end of the animal for the other 
(Horner et al. 2001), therefore voiding the alleged similarity. 

Furthermore, incubating (warming eggs by any means) is 
not the same as brooding (warming with body heat). Animals 
that cannot radiate sufficient body heat or are too large to sit on 
their nests without breaking the eggs must use means other 
than body heat to warm eggs. Therefore, an animal that sits on 
its nest must, prima facie, be contributing heat. As pythons show, 
it is possible to brood eggs without being endothermic in the 
traditional sense. And, as maiasaurs, lambeosaurines, and other 
large dinosaurs show, it is possible to incubate eggs without 
using body heat—although this does not imply ectothermy, as 
the highly derived nest constructions of megapode birds show. 
(Megapodes do not brood, but they turn their asymmetrical eggs 
in their burrows, which range in depth from 30 cm to 3 m of 
vegetal and soil cover [Jones et al. 1975]. There is no reason why 
troodontids could not have done the same.) Given a theropod 
dinosaur known to have feathers (as oviraptorids and other 
basal, as well as derived, maniraptorans have) and sitting in the 
exact position on a nest that birds do today, why is it reasonable 
to compare this dinosaur to a crocodile? 

Dinosaur reproductive behavior, as interpreted from tapho- 
nomic occurrences and comparative methodology, provides no 
contrary evidence for dinosaur endothermy. Instead, the simi- 
larities in brooding position to those of extant birds, and in the 
degree of ossification of limb bones to those of altricial or semi- 
altricial bird hatchlings, reinforce the hypothesis that some con- 
figuration of endothermy existed within extinct Dinosauria. 
These conclusions are not based on isolated similarities but on 
derived similarities set in a phylogenetic context. This method 
contrasts sharply with that of typologists, who either search for 
similarity with primitive taxa or search for differences from de- 
rived taxa. But typology cannot produce data relevant to ances- 
try or evolutionary patterns, because it produces not patterns, 
but unstructured pairwise comparisons. 


Conclusions 


Formulations that see no reason to regard dinosaurs as anything 
other than reptiles are typological. That is, they are based on the 
assumption of no departure from what is assumed to be a prim- 
itive condition in the lineage that separates dinosaurs from other 


reptiles. Even if Mesozoic dinosaurs were no different than rep- 
tiles of today, the typological method is inadmissible as support 
for this conclusion. 

However, there are good reasons to think that Mesozoic di- 
nosaurs were more like today’s birds and mammals than they 
were like today’s reptiles. They were, possibly, “damn good rep- 
tiles,” as Farlow (1990) cogently argued in his summary of the 
topic; but then, so are birds. We provide a summary of evidence 
from bone tissues that shows that dinosaurs were nothing like 
reptiles in growth rates (and, we argue, in supporting metabo- 
lism), but like large birds and mammals in these respects (see 
also Padian et al. 2001b). We also show why some indicators of 
growth, such as growth lines, are not reliable guides for the 
interpretation of physiology, based on living animals. Further 
discussion of these points can be found in J. R. Horner et al. 
(1999, 2000, 2001) and Ricqlés et al. (2000, 2001), and a brief 
review of more traditional arguments is in Padian (1997b). It is 
not necessary to postulate that these dinosaurs were exactly like 
today’s birds and mammals, any more than it is to postulate that 
they were exactly like today’s reptiles. However, there is no con- 


vincing evidence that these dinosaurs were like today’s reptiles 
in any important respects. 

The typological approach to inferring soft-tissue anatomy, 
function, behavior, and physiology in extinct animals has little 
utility in an evolutionary framework (Padian 1995b; Witmer 
1995a). Because there are no “Rosetta Stones” or “magic bullets” 
of structure in fossil vertebrates that unequivocally constrain or 
indicate metabolism and physiology, hypotheses about these 
properties and their evolution should logically be tested by in- 
dependent lines of evidence, with recourse to phylogenies of the 
lineages in question. Moving froma known basal state toa known 
derived state, the physiologically diagnostic characters of the 
taxa in a lineage can be identified as they are assembled evolu- 
tionarily in the lineage. Otherwise, there is no accepted method 
of testing a hypothesis about the evolution of a particular phys- 
iological or behavioral feature. Dinosaurs cannot be regarded 
simply as “good reptiles,” because they have a great many fea- 
tures that “typical” reptiles lack and that are identified with 
higher rates of growth and metabolism. The burden of evidence, 
it seems to us, is on those who see the glass as less than half full. 
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The disappearance of nonavian dinosaurs is probably the most 
notorious extinction event of all time, yet it is only a small part 
of a greater class of extinctions known as “mass extinctions.” 
Mass extinctions are global events characterized by unusually 
high rates of extinction. The magnitude of these rates is usu- 
ally unspecified but it is generally significantly higher than 
the rate of so-called “background extinctions”; that is, extinc- 
tions that occur constantly through geologic time (Raup and 
Sepkoski 1982). Mass extinctions are also characterized by geo- 
logically short timescales and by a significant diminution in 
the number of surviving taxa, as well as in their diversity. Al- 
though background extinctions may account for more than 
95% of all extinctions through geologic history, it appears that 
mass extinctions reset the evolutionary clock, as it were, allow- 
ing one major taxonomic group to replace another in a given 
environment. 

Five episodes of mass extinctions are generally regarded as 
the most significant in Earth history. These are (in order of 
decreasing magnitude) the Permo-Triassic extinction (245 mya), 
the Late Ordovician extinction (~439 mya), the Late Devonian 
extinction (~367 mya), the Triassic-Jurassic extinction (208 mya), 
and the Cretaceous-Tertiary (K/T) extinction (65 mya). Surpris- 
ingly, little is known about most of these events; however, 
glaciation is generally believed to have been the driving force 
behind the Late Ordovician event (e.g., Sheehan 1988; Brench- 
ley et al. 1994). 

The Permo-Triassic and K/T events have been extensively 
studied, with mixed results. The Permo-Triassic extinction was 
termed by Erwin (1996) the “mother of all mass extinctions”; a 
whopping 95% of all marine species (57% of the families) are 
estimated to have become extinct at that time (Erwin 1993). By 
this standard, the K/T extinction was somewhat less severe, 
with about 50% of the genera and about 20% of the families be- 
coming extinct (Sepkoski 1993), but nonetheless, it constituted 
a major reorganization of much of Earth’s biota. 

The focus of this chapter is the Cretaceous-Tertiary (K/T) ex- 
tinction. During the latter half of the Cretaceous (~97-65 mya), 
Earth underwent a variety of complicated changes, culmi- 
nating in the extinction of nonavian dinosaurs (Dinosauria 
excluding Aves) and many other life forms at or somewhat be- 
fore the K/T boundary. To merely consider nonavian dinosaurs 
without an understanding of all that was going on during this 
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time would be myopic. For this reason, we consider here both 
the patterns of geologic and biotic changes that occurred at 
that time. 

Although much is agreed upon regarding the changes that 
characterize the latter half of the Cretaceous, considerable 
controversy remains. Much of this controversy is rooted in dif- 
fering interpretations of the geologic and fossil records. As au- 
thors of this chapter there is much on which we agree, but there 
are also issues on which we hold differing interpretations, as 
was the case in an earlier dialogue between Russell and Dodson 
(1997) on dinosaur extinction. Thus, in each section, we high- 
light the similarities and differences of interpretation as they 
arise. Finally, we conclude with two short scenarios explaining 
our differing views on how the extinction of dinosaurs and their 
contemporaries may have transpired. 


Geologic Events at or Near the K/T Boundary 


Our search for a cause or causes of the extinctions requires us 
to be aware of events that might have occurred at approxi- 
mately the same time as the extinctions occurred. We can iden- 
tify three major, probably unrelated geologic events occurring 
at or surrounding the K/T boundary. Here we describe these 
three events and outline the evidence for each, starting with 
the longest (volcanism) and ending with the shortest (asteroid 
impact) event. We also list the various physical corollaries that 
will be discussed later. 

Before we discuss these three geologic events, we first com- 
ment briefly on longer-term climatic trends across the K/T 
boundary. No single pattern has emerged, so we do not discuss 
this subject in detail. Although there are some stratigraphic 
problems, estimates suggest that the regional, if not the global, 
climate gradually cooled a few degrees from mid-Cretaceous 
(~90 mya) highs through the K/T transition into the Paleo- 
cene. Most estimates place the change across the boundary 
between 2° and 3°C (Sigurdsson et al. 1992), although some esti- 
mates have placed it as high as 8°C locally (Lécuyer et al. 1993). 
There is no unambiguous evidence for a precipitous drop in 
temperature across the boundary. Other factors, including 
marine regression, would have also contributed to longer-term 
cooling. 


Deccan Traps 


Indian 
Ocean 


FIGURE 30.1. Geographic extent of latest Cretaceous and earliest 
Paleocene Deccan Traps. (After Courtillot 1990.) 


Volcanism 


The latest Cretaceous was a time of significant tectonic activity; 
this brought with it arc volcanism, particularly in the Pacific. In 
addition, one of the greatest episodes of nonpyroclastic vol- 
canism since the Permian brackets the K/T boundary. These 
flood basalts, known as the Deccan Traps, cover an immense 
part of both modern day India and Pakistan (fig. 30.1). Individ- 
ual flows in the sequence cover almost 10,000 km, with a vol- 
ume exceeding 10,000 km°. Individual flows average 10-50 m 
thick, sometimes reaching 150 m. In western India, the accu- 
mulation of lava flows is 2,400 m. Flows originally may have 
covered almost two million km?, with a volume possibly ex- 
ceeding two million km? (Courtillot 1990). 

The age estimates for emplacement of the Deccan Traps run 
from about 69 to 63 mya (Venkatesan et al. 1993; Prasad et al. 
1994), which, on the magnetostratigraphic time scale, spans from 
near the end of 30 normal into the commencement of 29 normal 
(Courtillot 1990). The eruptions were episodic, not continuous, 
possibly with a peak eruption surrounding the K/T boundary 
(Courtillot 1990; Courtillot et al. 1996), which occurs in 29 re- 
versed on the magnetostratigraphic time scale (Courtillot 1990). 
Itis not certain how close to the K/T boundary individual episodes 
can be placed, and thus it is not clear that one can estimate mag- 
nitudes with any certainty. It is, however, clear that the eruptions 
bracket the K/T boundary. Based on radiometric dating, paleo- 
magnetism, and vertebrate biostratigraphy, the bulk of the erup- 
tions were centered around the K/T boundary, during a reversal 
in Earth’s magnetic poles known as 29R (Courtillot 1990; Prasad 
et al. 1994). Although one cannot eliminate the possibility of 
sudden, violent eruptions, most of the Deccan Traps were viscous 
flood basalts, more like the Hawaiian volcanoes than Mt. St. 
Helens. Regardless, the six-million-year episode of Deccan Traps 
volcanism dwarfs both of these more modern eruptions. 

Corollary physical effects for such sustained eruptions are 
not well understood. If modern pyroclastic volcanism is any 
guide, an increase in particulate matter in the atmosphere prob- 
ably took place. Moreover, the potential to produce significant 
amounts of atmospheric CO, may have existed. Whether in- 
creased CO,, caused warming through a greenhouse effect or the 


increased particulate matter resulted in cooling is not known. If 
the latter scenario is correct, the longer-term effects, over a mil- 
lion years or more, could have been global cooling. 


Global Marine Regression 


As was the case with other mass extinctions, there is a regression 
associated with the K/T extinctions. In terms of subaerial expo- 
sure, it may have been significantly larger by comparison to 
any other regression since the end of the Permian (fig. 30.2; 
Smith et al. 1994). 

Although the regression was global in extent, the North 
American Western Interior contains the best-studied record of 
latest Cretaceous dinosaurs; thus, most of our comments on 
marine regression deal with this continent. In this region, the 
regression is well represented by the Fox Hills Sandstone (Mon- 
tana and North Dakota, United States), a regressive barrier-bar 
sequence (Gill and Cobban 1973). A terrestrial unit, the dinosaur- 
bearing Hell Creek Formation, prograded over the Fox Hills 
Sandstone to form a low coastal plain, built by aggrading, me- 
andering rivers (Fastovsky 1987). Several lines of evidence sug- 
gest that maximum regression was just prior to the end of the 
Cretaceous. Keller and Stinnesbeck (1996) suggest that the global 
maximal regression occurred sometime between 3 x 10° and 1 x 
10° years before the end of the Cretaceous. The presence of 
elasmobranchs (sharks and relatives) in Hell Creek freshwater 
deposits may indicate close proximity to marine conditions. 
Elasmobranchs are known throughout the entire Hell Creek For- 
mation, are absent from the basal portion of the unit above the 
Hell Creek Formation (the Tullock Formation), but again appear 
(different taxa) in the middle of the Tullock (or Fort Union For- 
mation). This suggests that the seaway had regressed by earliest 
Paleocene times, if not earlier. The Tullock Formation has indi- 
cations of extensive ponded water in its basal sections (Fastov- 
sky 1987), suggesting the rise of base level and the last-gasp re- 
incursion of the last Western Interior Sea. There is thus a facies/ 
paleoenvironmental shift at the lithostratigraphic Hell Creek/ 
Tullock boundary, going from slightly better drainage to poor 
drainage and flooding (ponds). Together, these data argue for 
maximum regression just before the Hell Creek/Tullock litho- 
stratigraphic contact, with transgression in the region commenc- 
ing at or just before the time of the Hell Creek/Tullock contact. 

The lithostratigraphic boundary between the Hell Creek and 
Tullock formations is recognizable by this facies change, as well 
as by the presence of localized coal deposits. These localized coal 
deposits were at one time considered of greater stratigraphic 
importance than they are now, and were labeled in inverse al- 
phabetic order, with the lowest, or “Z” coal, marking the litho- 
stratigraphic contact. It has been shown that the coals do not al- 
ways precisely correlate with the K/T biostratigraphic boundary 
as identified by iridium (Fastovsky 1987) and pollen, and may 
diverge by as much as 5 m (Johnson 1992). 

A number of consequences have been suggested as occurring 
at the time of maximum marine regression: decrease in coastal 
and marine habitats, fragmentation of remaining habitats, es- 
tablishment of land bridges, and lengthening of stream systems. 
These are discussed in the section dealing with the patterns and 
tempo of biotic change. 


Asteroid Impact 


Although its effects on the biota are still being debated—here, as 
in other studies—the fact of an asteroid impact at the end of the 
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FIGURE 30.2. Comparison of marine and nonmarine areas for the past 250 million years. Note 
marked additions of nonmarine areas surrounding the Triassic/Jurassic and K/T boundaries. 


(After Smith et al. 1994.) 


Cretaceous is beyond doubt for most geologists (but see Officer 
and Page 1996). As is well known, in 1980, Alvarez et al. proposed 
that an asteroid struck Earth 65 mya and caused the K/T extinc- 
tions. The evidence that they produced was largely based on 
the presence of anomalously high concentrations of platinum 
group metals (the most famous and significant of which was 
iridium) at the paleontologically identified K/T boundary in 
three marine sections in Italy, Denmark, and New Zealand (fig. 
30.3). A fourth locality in Spain was identified virtually simul- 
taneously by other workers, who had come to the same conclu- 
sion (Smit and Hertogen 1980). 

Because iridium is not common at Earth’s surface, but is 
known from iron-rich meteors (chondrites), the Alvarez team 
assumed that the iridium came from an extraterrestrial source. 
From this supposition, it was calculated that an asteroid with a 
diameter of 10 km would have been necessary to spread iridium 
globally in the quantities observed. The presumed exact coin- 
cidence of the impact layer with the K/T extinction forced the 
conclusion that the asteroid and the biotic event were causally 
linked. Observations derived from the 1883 volcanic eruption 
of Krakatoa proved to be a readily available model. Thus in the 
1980 paper, the Alvarez team postulated that not only did an 
asteroid strike Earth 65 mya, but that the dust driven into the 
atmosphere from its impact blocked off the sunlight and pro- 
duced the extinctions. Luis Alvarez (1983:627) put it thus: 


When the asteroid hit, it threw up a great cloud of dust that 
quickly circled the globe. It is now seen worldwide, typically 
as a clay layer a few centimeters thick in which we see a 
relatively high concentration of the element iridium—this 
element is very common in meteorites, and presumably in 
asteroids, but is very rare on earth. The evidence that we have 
is largely from chemical analyses of the material in this clay 
layer. In fact, meteoric iridium content is more than that of 
crustal material by a factor of more than 107... . Iridium is 
depleted in the earth’s crust, relative to normal solar system 
material, because when the earth heated up and the molten 
iron sank to the core it “scrubbed out” the platinum group 
elements in an alloying process and took them “downstairs.” 


The history of the acceptance of asteroid-induced extinctions 
at the K/T boundary is well known and need not be recited here 
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(Raup 1986; Alvarez 1997; Powell 1998). What is critical is that 
the idea was testable: that high concentrations of iridium should 
be found globally, in terrestrial as well as marine sedimentary 
rocks, and that if other features of impacts became known, these 
too should be present globally. The idea that an impact occurred 
at the K/T boundary has gained broad credibility exactly because 
it has resisted falsification and because discoveries at the K/T 
boundary have been of the type that it predicted. For example, 
if the K/T asteroid impact were truly a global phenomenon, it 
should have had global effects. In fact, just short of 110 K/T 
boundary sites are now known globally with anomalous con- 
centrations of iridium (Alvarez, pers. comm.). The discovery— 
first made in 1983—of terrestrial sequences throughout the 
Western Interior of the United States and Canada that contain 
high platinum-group metal concentrations sustained the pre- 
diction that iridium was not simply some by-product of marine 
sedimentation. 

Because impacts are instantaneous, high-pressure events, 
it came to be recognized that they leave signatures reflecting 
their nature. Perhaps the most distinctive of these is so-called 
“shocked quartz,” quartz that has literally begun to fracture 
and reorganize itself into the high-pressure mineral stishovite. 
Other indicators include droplets of molten crustal material 
that have cooled instantaneously in the atmosphere (tektites) 
and then rained down as impact glass. All of these features are 
known to be associated with impacts generally, and with the K/T 
impact in particular. 

In 1990, a crater near the town of Chicxulub in the Yucatan 
Peninsula of Mexico was rediscovered (see Powell [1998] for a 
discussion of this history; fig. 30.4). Despite claims that the 
crater was actually derived from volcanic activity (Officer et al. 
1992), it has generally been acknowledged in the years since its 
rediscovery that it is an impact crater (Hildebrand and Boynton 
1991). Dating of the melt rock produced a date of almost exactly 
65 mya (Swisher et al. 1992), and the size of the crater, 170 km in 
diameter (Hildebrand et al. 1991), corresponds to estimates of 
crater sizes that would be produced by an impact of 10 km in 
diameter. The timing, geochemistry, and location (Schultz and 
D’Hondt 1996) of this crater all are concordant with the one that 
might have been expected from the end-of-Cretaceous asteroid. 
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FIGURE 30.3. Anomalous levels of iridium at the K/T boundary compared with the background levels for various sites around the world. The 
portion of magnetostratigraphic column bracketing the K/T boundary is on the left. (After Courtillot 1990.) 
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FIGURE 30.4. Possible extent of the Chicxulub crater in the Yucatan 
Peninsula. (After Archibald 1996a.) 


In short, it is believed that the crater produced by the terminal- 
Cretaceous asteroid impact has now been found. 

A number of physical events (corollaries) stemming from 
the impact have been proposed: acid rain, sudden temperature 
drops, sudden temperature increases, tsunamis, and global wild- 
fire. These are discussed in the next section. 


Patterns and Tempo of Biotic Change 


We start with a viewpoint shared by almost all vertebrate pale- 
ontologists: the remains of nonavian dinosaurs are not found 
in sediments younger than the K/T boundary, a moment in 
time most reliably dated at around 65 mya. The conclusion, again 
shared by almost all vertebrate paleontologists, is that nonavian 
dinosaurs became extinct at or before this time. Despite these 
widely held views, there remains some confusion. Even in the 
very unlikely event that the undisputed remains of a few non- 
avian dinosaurs are found above the K/T boundary, the current 
evidence strongly indicates that the ultimate cause(s) of non- 
avian dinosaur extinction occurred at or before the K/T bound- 
ary. This is because organisms may linger in isolated refugia well 
after the vast majority of their species has disappeared. 

The K/T extinctions resulted in a profound biotic turnover 
involving both marine and nonmarine organisms. As mammals, 
humans have a particular interest in the K/T events, because 
the extinction of most, if not all, medium to large (over ~10 kg) 
terrestrial vertebrates—mostly nonavian dinosaurs—opened an 
ecological space that mammals, including our primate ances- 
tors, began to fill within a million years or less. 

For some groups of organisms, a global pattern of biotic 
turnover is known or is emerging for the K/T boundary. For non- 
marine (freshwater and terrestrial) vertebrates, including non- 
avian dinosaurs, the fossil record is far more geographically re- 
stricted. For most of the Late Cretaceous, the record of dinosaurs 
is nearly global in extent (fig. 30.5A), but near the K/T boundary, 
the well-studied record is restricted to the Western Interior of 
North America (fig. 30.5B). Recent discoveries of Late Creta- 
ceous dinosaurs in South America, China, Europe, Siberia, and 
India hold promise as additional K/T boundary sections, but for 
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FIGURE 30.5. A, record of nonavian dinosaurs for the Late Cretaceous (asterisks). B, record of nonavian 
dinosaurs at the K/T boundary (asterisks) and new areas (question marks) possibly preserving a similar 
record. Hatched areas represent marine environments covering continental plates. (After Archibald 
1996a.) 


now, we must content ourselves with what is known from the 
Western Interior. 


Dinosaur Diversity during the Last 
Ten Million Years of the Cretaceous 


Opinions vary on what happened to dinosaur diversity during 
the last ten million years of the Cretaceous in the Western Inte- 
rior. The most widely accepted view is that the number of genera 
and species declined considerably over these ten million years 
(e.g., Sullivan 1998a). This assessment is based on the two best- 
known dinosaur faunas in the Late Cretaceous of the Western 
Interior: the ~75 my Judith River and ~65 my Hell Creek faunas. 
From the Judith River to the Hell Creek fauna, the absolute 
generic diversity of dinosaurs decreased by 40% (dropping from 
32 to 19). Most important was the dramatic reduction of the 
large, probably herding ceratopsids (five down to two) and hadro- 
saurids (seven down to two). Notably, it was the more common 
taxa (ornithischians) that show the greatest decline rather than 
the much rarer saurischians (Archibald 1996a). Although this 
reading of the fossil record argues that the number of taxa de- 
clined, there is no evidence as to whether the number of indi- 
viduals declined, remained the same, or even increased. 

Another view for the same ten-million-year interval suggests 
that dinosaur diversity remained the same or even increased. 
Advocates of this view (e.g., Russell 1984b, 1984c) argue that the 
Judith River Formation is much better sampled than the Hell 
Creek Formation, and thus, any apparent decline is the result of 
a discrepancy in the sampling effort. Moreover, a comparison 
of faunas that preceded the Judith River, as well as those that 
succeeded it, suggests that the Judith River possesses an anom- 
alously diverse dinosaur fauna. According to this reading of the 
fossil record, one would need to normalize for the number of 
localities in the Judith River as well as in the Hell Creek to ob- 
tain meaningful comparative data between these fossil-bearing 
units. Dodson (1990b:7612), in the only quantitative study to at- 
tempt to obtain data on the total number of nonavian dinosaurs 
during their 160-million-year tenure on Earth, concluded, “The 
decisive role of dinosaurs in the terminal Cretaceous mass ex- 
tinctions is open to question. The data presented . . . lend sup- 
port to neither a gradual nor an abrupt disappearance of the di- 
nosaurs. Nonetheless, there is nothing to suggest that dinosaurs 
in the Campanian or the Maastrichtian were a group that had 
passed its prime and were in a state of decline.” 


Pattern of Vertebrate Turnover at the K/T Boundary 


There is agreement on the general pattern of species-level verte- 
brate turnover in the Western Interior at the K/T boundary, al- 
though there are some differences in interpretation. The greatest 
differences of interpretation are in the timing (and thus causes) 
of the extinctions. We first examine the general pattern and then 
discuss the much more controversial issue of the timing and 
causes of these extinctions in the next section. 

The best snapshot of species-level diversity in terrestrial eco- 
systems just before and after the K/T boundary comes from the 
uppermost Cretaceous Hell Creek and lower Tullock formations 
in eastern Montana. Archibald (1996a) argued that some 107 
species are well enough known to be used in a discussion of 
turnover. Archibald and Bryant (1990) and Archibald (1996a) 
asked the basic question: which of these 107 species known from 
the Hell Creek Formation survived into the lower Paleocene, as 


represented by specimens in Tullock Formation localities? In 
such an analysis, one always runs the risk of overstating the 
importance of the absence of data. Poorly represented taxa had 
already been eliminated from the sample of 107 species, and 
the localities from the two formations are believed by Archibald 
and Bryant (1990) and Archibald (1996a) to be of comparable 
richness and of similar enough ecology to use the absence of 
data with a degree of confidence. 

The only major taxa not included were birds and pterosaurs. 
The patchy fossil bird record does not allow the timing of these 
extinctions to be documented precisely, nor does it permit a 
good estimate of the amount of extinction. Although what are 
regarded as stem taxa for modern birds are recognized before 
the boundary, only four modern lineages extend through the 
boundary (Dingus and Rowe 1998). One view, based on cladistic 
analysis (Dingus and Rowe 1998), holds that this suggests a sig- 
nificant pre-Tertiary avian radiation. Another view, based upon 
fossil gap analysis (Bleiweiss 1998), holds that extant bird orders 
arose and radiated after the K/T boundary. 

A single pterosaur family, Azdarchidae, which included the 
largest known pterosaur, is known from the Hell Creek. The 
overall record of pterosaurs suggests a decline toward the end of 
the Cretaceous, but the record is simply too poor to determine 
the pattern. 

Table 30.1 (column A) shows the pattern of survival for the 
other 12 major monophyletic taxa, as interpreted by Archibald 
(1996a). Of these 12, elasmobranchs, squamates, metatherians, 
and ornithischian and saurischian (without Aves) dinosaurs 
show very low levels of survival, ranging from zero to only 30% 
species survival. According to Archibald (1996a), these five taxa 
account for about 75% of all the vertebrate extinctions. Archi- 
bald noted four particular patterns of survival: freshwater (76% 
survival) versus land-dwelling (28% survival), ectothermic (61%) 
versus endothermic (26%), small (74%) versus large (33%), and 
nonamniote (61%) versus amniote (44%). Except for possibly the 
last comparison, chi-square tests confirm the differences among 
these factors (fig. 30.6). The biological significance of these dif- 
ferences is more difficult to demonstrate, but these comparisons 
emphasize that the K/T vertebrate pattern of extinction and 
survival was differential (Archibald 1996a; Archibald and Bryant 
1990). 

Using vertebrate data from Archibald and Bryant (1990), 
Sheehan and Fastovsky (1992) came to a somewhat different 
conclusion (table 30.1, column B). Notably, Sheehan and Fas- 
tovsky treated the data on elasmobranchs and mammals dif- 
ferently. Archibald (1996a; Archibald and Bryant 1990) treated 
elasmobranchs as part of the Hell Creek fauna, because they oc- 
cur at the same localities and are not reworked. Elasmobranchs, 
like some bony fishes, spend much of their life in a marine set- 
ting. Under this interpretation, Archibald (1996a; Archibald 
and Bryant 1990) treated the loss of all five elasmobranchs as dis- 
appearances. The comparable ecology with close proximity to 
marine conditions is absent in the overlying basal Tullock, but 
occurs again in the middle of the formation. Because of these 
ecological differences, Sheehan and Fastovsky (1992) argued 
that the elasmobranchs should not be included in extinction/ 
survival counts at the K/T boundary, because the sediments at 
and near the boundary are exclusively nonmarine. Regardless, a 
recent study by Hoganson (2000) suggests that the elasmobranch 
extinction may have occurred at the K/T boundary. 

Among the mammals, there are three major monophyletic 
clades—multituberculates, metatherians, and placentals (table 
30.1). Fifty percent (or more) of the ten multituberculate species 
disappear, with at least four of the five survivors known by the 
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TABLE 30.1 


Survival of Vertebrate Species across the K/T Boundary 


Major Clades from the Upper Cretaceous 


Species Survival 


Hell Creek Formation, Eastern Montana A B 
Elasmobranchii 0 of 5 (0) Not included 
Actinopterygii 9 of 15 (60) 5 of 6 (83) 
Amphibia 8 of 8 (100) 5 of 5 (100) 
Mammalia 
Multituberculata 5 of 10 (SO) 0 of 7 (0) 
Eutheria (placentals) 6 of 6 (100) 0 of 1 (0) 
Metatheria 1 of 11 (9) 0 of 5 (0) 
Reptilia 
Testudines 15 of 17 (88) 14 of 16 (88) 
Squamata 3 of 10 (30) 3 of 7 (43) 
Choristodera (Champsosauridae) 1 of 1 (100) 1 of 1 (100) 
Crocodilia 4 of 5 (80) 3 of 4 (75) 
Ornithischia 0 of 10 (0) 0 of 4 (0) 
Saurischia 0 of 9 (0) 0 of 7 (0) 
Total 52 of 107 (49) 31 of 63 (49) 


Note: Column A is after Archibald (1996a); column B is after Sheehan and Fastovsky (1992). The lower 
total number of species in column B reflects only the use of the most common species as given in 
Archibald and Bryant (1990). The numbers in parentheses are the percentages of surviving species. 
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FIGURE 30.6. Factors showing patterns of differential vertebrate species survival at the K/T boundary. 
Chi-square tests show all of the comparisons, except possibly the last, are significant (freshwater versus 
land-dwelling comparison and ectothermic versus endothermic comparison, P << 0.005; small versus large 
comparison, 0.010 < P< 0.025; nonamniote versus amniote comparison, 0.150 < P< 0.100). The white 
histograms (percentages and numbers in parentheses) on the far left show a similar pattern for freshwater 
versus land-dwelling species. (The four factors shown as black histograms from Archibald 1996a; white 


histograms from Sheehan and Fastovsky 1992.) 


same species or genus in the early Tertiary. All 11 marsupial 
species disappear across the boundary, with one a possible an- 
cestor for an early Tertiary species in North America. Two to 
three North American species are argued by some to belong to 
or be stem taxa for some Tertiary marsupials in South America 
(Marshall et al. 1990), where marsupials fared much better dur- 
ing the Tertiary. As is the case for most other Late Cretaceous 
mammals, placentals have low rates of evolutionary change 
compared with the earliest Tertiary mammals. Placentals do 
increase in relative diversity near the end of the Cretaceous, 
but with the possible exception of Lipotyphla, none of the ex- 
tant 18 orders of placentals is known from before the boundary. 
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Of the six placental species in the Hell Creek, one is thought to 
be in the Paleocene, and the other five are argued by various au- 
thors (see Archibald and Bryant [1990] for references) to be stem 
taxa for extinct or extant orders. The radiation of placentals in 
the early Tertiary is the greatest in the history of the group, with 
16 of 18 extant orders, along with a number of extinct orders, 
appearing in the first 16 million years of the Cenozoic. In this 
interpretation, followed by Archibald (1996a) and Archibald 
and Bryant (1990), five of six placentals are not known by the 
same species in the earliest Tertiary but are considered as sur- 
vivals, because of proposed phylogenetic relations with Tertiary 
taxa. Sheehan and Fastovsky (1992) argued that most of the 


mammals should be treated as extinctions, and thus they found 
0% survival for mammals, whereas Archibald (1996a) found 
44% survival. The difference in interpretation is a result of 
whether one considers just the study area (Sheehan and Fas- 
tovsky 1992) or includes other areas in the Western Interior 
(Archibald 1996a). 

Even with these differences, however, both Archibald (1996a) 
and Sheehan and Fastovsky (1992) found total extinction levels 
of near 50% for vertebrates across the K/T boundary. Sheehan 
and Fastovsky (1992) also argued that the extinction pattern 
was differential (fig. 30.6), but considered the differences to be 
largely attributable to much higher survival levels for fresh- 
water (90%) versus land-dwelling vertebrates (12%), rather than 
to the multiple factors argued by Archibald (1996a). Thus, these 
authors agreed that the pattern is one of differential survival 
and extinction, with at least ornithischians, saurischians (with- 
out birds), lizards, and marsupials showing very high greatest 
percentages of extinction. The possible causes for this differen- 
tial pattern are discussed in the two concluding scenarios. 


Tempo of Vertebrate Turnover at the K/T Boundary 


The greatest controversy regarding vertebrate turnover does not 
concern the overall pattern, but the tempo at which the turn- 
over occurred. Three basic interpretations of turnover have been 
proposed. Although these three interpretations might apply to 
all vertebrates, the analyses centered on the tempo of nonavian 
dinosaur extinction. The first alternative (Sloan et al. 1986) ar- 
gued that the number of species of dinosaurs was declining in 
the last few million years of the Cretaceous. This was based on 
counting the taxa and numbers of dinosaurs from typical Hell 
Creek Formation sediments through the Bug Creek sequence, 
just east of Fort Peck Reservoir. Subsequently, it has been shown 
that most, if not all, of the Bug Creek sequence is Paleocene in 
age, having cut down into the underlying Hell Creek Formation 
(Lofgren 1995). Thus, dinosaur teeth in the Bug Creek sequence 
are usually regarded as having been reworked, and any decrease 
at subsequently higher localities would simply be the result of 
fewer reworked teeth (Zombie taxa of Archibald [1996a]). 

The second alternative argues that the number of species of 
dinosaurs shows no decline in the last few million years of the 
Cretaceous (Sheehan et al. 1991). This study was based on sutr- 
face collecting through the basal, middle, and upper third of 
the Hell Creek Formation at sites in Montana and North Dakota. 
Because of the fragmentary nature of most material, fossils were 
identified only to the family level. Using several statistical analy- 
ses, the authors concluded that the proportions of the various 
families did not change from the bottom to the top third of the 
formation. The authors concluded that these findings are com- 
mensurate with a catastrophic extinction of dinosaurs. 

The third alternative (Hurlbert and Archibald 1995) argued 
that the quality of the fossil record (particularly, the scarcity of 
identifiable dinosaur specimens) does not permit us to deter- 
mine whether the number of species of dinosaurs shows any de- 
cline or was stable in the last few million years of the Cretaceous. 
These authors came to the conclusion, after re-examining the 
statistical analyses of Sheehan et al. (1991), that the statistical 
tests were inappropriately applied and that up to 40% of dino- 
saur species could be lost before any change in proportions of 
families would be detected. 

The question of the pace of dinosaur turnover at the K/T 
boundary remains unresolved. In part, this is a result of the so- 
called “Signor-Lipps effect”—the observation by Philip Signor 


and Jere Lipps in 1982 that, as one approaches any arbitrary 
boundary (such as an extinction), the overall diversity of groups 
decreases with decreasing distance from that boundary (Signor 
and Lipps 1982; see also Fastovsky and Weishampel 1986). What 
this means, in essence, is that even in the case of an abrupt ex- 
tinction, the pattern of extinctions leading to the boundary will 
appear gradual. This is because as one approaches the boundary, 
less diversity is preserved, regardless of whether the diversity 
truly decreases. The interpretation of any observed decrease in 
diversity, therefore, must incorporate the Signor-Lipps effect and 
can be as much a judgment call as an unimpeachable scientific 
conclusion. 


Corollaries of Marine Regression 


Some corollaries that have been suggested as occurring at the 
time of maximum marine regression are a decrease in coastal 
and marine habitats, establishment of land bridges, fragmenta- 
tion of remaining habitats, and lengthening of stream systems. 
Although this is argued to be a worldwide phenomenon, most 
discussion has centered on North America, where the K/T record 
of vertebrate turnover is best known. 

There is evidence for the establishment of land bridges, es- 
pecially based on faunal similarities. There may have been some 
contact with parts of Europe through Greenland. North and 
South America were probably not fully joined, but certainly the 
number and proximity of intervening islands increased. Also 
the western Laramidia and eastern Appalachia continents re- 
joined to form North America (fig. 30.7). Faunal similarities be- 
tween Asia and North America are seen during various parts of 
the latter half of the Cretaceous (e.g., Weishampel 1990b; Fas- 
tovsky and Weishampel 1996), suggesting that there were inter- 
mittent connections between these continents throughout this 
time interval. The re-establishment of the Bering land bridge 
near the K/T boundary appears to have brought a wave of pla- 
cental mammals into western North America from Asia (Nessov 
et al. 1998). Most important for our discussion here were archaic 
ungulates (“condylarths”), the very early relatives of modern 
ungulates and whales (Archibald 1996c, 1998). Their appear- 
ance in North America coincides with the very rapid decline of 
marsupials. Within a million years of the K/T boundary, 30 
species of these archaic ungulates are known in North America, 
and their numbers continued to increase. The archaic ungulate 
invaders had dentitions very similar to contemporary marsu- 
pials and presumably had a similar diet. Its seems more than 
coincidence that marsupials did well in North America for about 
20 million years, only to almost disappear with the appearance 
of the ungulate clade. It is ironic that both marsupials and un- 
gulates invaded South America at about the time of the K/T 
boundary. Their dentitions were already beginning to show dif- 
ferentiation, with the marsupials headed toward carnivory and 
ungulates toward herbivory. These two clades survived through- 
out most of the Tertiary in South America. 

With the draining of epicontinental seas, there is no doubt 
that total subaerial exposures increased (Smith et al. 1994). The 
areal extent of low coastal plains and shallow nearshore envi- 
ronments, however, would have decreased, simply because of 
the reduction in the total amount of coastline. Archibald (1996a) 
argued that with the reduction in size of various terrestrial and 
nearshore habitats, there would have also been a fragmentation 
of these habitats and concomitant reduction in biotic diversity. 
He analogized this process with the human-caused reduction and 
fragmentation of habitats in the Rift Valley System of modern 
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FIGURE 30.7. A, North America divided into two continents (Laramidia 
and Appalachia) by a midcontinental seaway throughout much of the 
Late Cretaceous. B, North America reunited as single continent in latest 
Cretaceous or early Tertiary, showing some possible results of this event. 
Exact positions of most streams and coastal plains are not known. (After 
Archibald 1996a.) 


East Africa that first impacts larger vertebrates, especially mam- 
mals. Although not well known in geologic circles, habitat frag- 
mentation is widely recognized by ecologists as a major con- 
tributing factor to extinction (e.g., Bolger et al. 1991). Some 
earth scientists have argued, however, that there is no evidence 
for these kinds of changes in the rock record of the North Amer- 
ican Western Interior (Fastovsky and Sheehan 1997). 

Although we do not have a definitive map of drainage for the 
Western Interior, extensive work has been done on the sedimen- 
tology and drainage patterns for specific latest Cretaceous and 
early Tertiary stream systems in the eastern part of Laramidia 
(Belt et al. 1997). Even without accurate paleodrainage maps for 
all of the Western Interior, however, freshwater stream systems 
must have increased in length as the marine regression pro- 
gressed. Thus, it is no surprise that with the bolstering of fresh- 
water habitats, all aquatic vertebrates did well, except for those 
with close marine ties—sharks and some bony fishes. Such fishes 
may need to spend at least a portion of their life in a marine 
environment, in some instances, to reproduce. The major group 
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most likely to suffer would have been the elasmobranchs. In 
fact, all five species disappear. New species of elasmobranchs did 
not occur in the area until a smaller transgression (Cannonball 
Sea) reached the Western Interior at or just before middle Paleo- 
cene times (Bryant 1989). 


Corollaries of Asteroid Impact 


We have no firsthand experience as to the kinds and magnitude 
of climatic and environmental changes that might be wrought 
by the impact of a 10-km-diameter asteroid. This is simply not 
within human experience. In the absence of precedent, there- 
fore, scientists have relied on scaling up the observed results of 
smaller impacts, volcanoes, and nuclear explosions to inform 
their opinions about what happened when the K/T asteroid hit. 

As is evident from the earlier Alvarez (1983) quote, the origi- 
nal idea was that, based upon the atmospheric residence time 
of fine-grained particulate matter generated in the Krakatoa 
eruption, sunlight would have been blocked. This was supposed 
to have caused a multiple-month (later, reckoned to be three- 
month) episode of darkness (e.g., Pollock et al. 1983). Recently, 
however, the very concept of large amounts of dust ejected into 
the atmosphere has itself become controversial. Primarily based 
on theoretical calculations, Pope (2002) concluded that the 
amount of dust that was injected into the atmosphere as a result 
of the asteroid impact was overestimated by two orders of mag- 
nitude. He concluded that the shutdown of photosynthesis by 
atmospheric dust is not a viable scenario. 

Assuming darkness arose as a result of some dust in the 
atmosphere, it has been hypothesized that atmospheric cooling 
would also have occurred as a result of the darkness. Regardless 
of whether this actually occurred, the idea remains largely 
untestable, because of the difficulty of identifying so short an 
interval of time in the fossil record. What may be testable, how- 
ever, is whether the extinctions in the fossil record conform to 
any of these putative by-products of the impact. Two views have 
been presented; not surprisingly, one is that the patterns of 
extinctions reflect what one might expect from an impact, and 
the other is that they do not. 

In support of the idea that Earth underwent an approxi- 
mately three-month period of darkness, Sheehan and Fastovsky 
(1992) observed that the survival of aquatic tetrapods (and the 
extinction of land-based tetrapods) fits the hypothesis of pro- 
longed darkness. Land-based tetrapods, they note, function 
within food chains that are primary productivity-based; that is, 
herbivores require fresh plant material as the immediate source 
of all nutrition. Aquatic vertebrate ecosystems require living 
plants as the ultimate source of all energy; however, these eco- 
systems can be buffered by detritus feeding. Even with a tempo- 
rary stoppage of primary production, these animals can survive 
for extended periods based on detritus that originated from 
land-based ecosystems. Interestingly enough, this pattern of 
survivorship of detritus-based food chains has also been ob- 
served in the marine realm. Organisms that are dependent upon 
primary production—planktonic marine organisms, ammonites 
and other cephalopods, and a variety of other mollusks—were 
harder hit by extinction than organisms in detritus-based food 
chains (Sheehan and Hansen 1986). 

As we have seen, it is clear that at the K/T boundary, organ- 
isms in freshwater ecosystems were less affected, whereas those 
in land-based ecosystems were hardest hit (see fig. 30.6). Shee- 
han and Fastovsky’s (1992) conclusion was, therefore, that this 
is exactly the pattern of survival and extinction that one might 


observe if photosynthesis were temporarily impeded. In sup- 
port of this idea is the observation that in the terrestrial realm, 
plants, the ultimate source of primary production, underwent a 
79% extinction (Johnson and Hickey 1990), at least at low to 
middle latitudes. Moreover, in the marine realm, primary pro- 
duction is thought to have dipped temporarily to near-zero 
levels (e.g., Zachos et al. 1989). 

It has been argued that if tremendous amounts of dust were 
injected into the atmosphere after a large impact, the darkness 
would not only suppress photosynthesis but would also pro- 
duce extremely cold temperatures. This hypothesized condition 
has become known as “impact winter.” The hypothesis states 
that, following a large impact, ocean temperatures would de- 
crease only a few degrees because of the huge heat capacity of 
the oceans, but on the continents, temperatures would be sub- 
freezing for a period of 45 days to six months (Toon et al. 1982). 
The temperature would remain subfreezing for about twice as 
long as the period of darkness caused by the dust. This idea, 
however, remains largely untestable, because of the difficulty of 
identifying so short a time interval in the fossil record. 

One can, however, compare survivorship records with this 
potential means of extinction. The fossil record does not reveal 
an extinction induced by cold alone. With the exception of a 
70% decline in lizards, ectothermic tetrapods (frogs, salaman- 
ders, turtles, champsosaurs, crocodilians) did very well across the 
K/T boundary. Moreover, a latest (but not terminal) Cretaceous 
vertebrate fauna from northern Alaska strengthens the evidence 
that a hypothesized sudden temperature drop was not a likely 
cause of K/T boundary extinctions. Although the Alaskan dino- 
saur fauna is similar to the Montana faunas (although smaller 
and with fewer species), the Alaskan fauna completely lacks 
amphibians, turtles, lizards, champsosaurs, and crocodilians. If 
the estimated balmy temperature range of 2°-8°C for Late Creta- 
ceous Alaska (Clemens and Nelms 1993) was enough to exclude 
ectothermic tetrapods, a severe temperature drop to below 
subfreezing temperatures at the K/T boundary should have dev- 
astated the rich ectothermic tetrapod faunas at mid-latitudes. 
These species flourished. The hypothesis of a sudden temper- 
ature decrease simply does not fit with the vertebrate data at the 
K/T boundary. 

A second proposed by-product of the asteroid impact was 
acid rain. The most commonly cited acid to be produced by an 
impact event is nitric acid; some workers have also claimed that 
sulfuric acid could be produced. It has been argued that nitric 
acid would have been produced by the combination of atmo- 
spheric nitrogen and oxygen as a result of the tremendous energy 
released by an impact (Prinn and Fegley 1987). Sulfuric acid, it 
has been suggested, could have been produced as large amounts 
of sulfur dioxide were vaporized from evaporites at the impact 
site (Sigurdsson et al. 1992). These acids were presumed to have 
precipitated as rain. Estimates of the pH of these acid rains vary, 
but estimates reach as low as 0-1 near the impact site and ~4-5 
globally. 

Today, rain with a pH as low as 2.4 has been recorded, but an- 
nual averages in areas affected by acid rain range from 3.8 to 4.4 
(Cox 1993). Acid fogs and clouds with pH levels from 2.1 to 
2.2 have been recorded in southern California and have been 
known to bathe spruce-fir forest in North Carolina (Cox 1993). 

Death-and-doom scenarios based on acid rain are now ques- 
tioned by geologists as well as paleontologists. Calculations of 
global acid production indicate that not enough acid would have 
been produced to acidify ponds to the extent that life would 
have been affected (e.g., D'Hondt et al. 1994). Retallack (1996) 
argues that in the Hell Creek, at least, the K/T boundary couplet 


shows the effects of acidification, but it fortuitously served as a 
buffer, protecting life. Archibald (1996b) pointed out that these 
interpretations were based on a single geologic section and that 
Retallack’s claims of a trauma for herbivorous vertebrates are 
not borne out by the fossil record. 

Regardless, the survivorship pattern in the biota does not 
show the presumed affects of an acid rain (Weil 1994). And, 
given what we know of our modern biota’s reaction to acid 
rain, aquatic animals should have been devastated if acid rain 
were a significant factor at the K/T boundary. The biological 
consequences of such low pH values vary from one vertebrate 
group to another but are always detrimental. Aquatic species 
(fish, amphibians, and some reptiles) are the first and most dras- 
tically affected; with those reproducing in water being the first 
to suffer. If pH becomes lower than about 3.0, adults often die. 
The affects on aquatic vertebrates across the K/T boundary 
would have been very bad if a pH of 3.0 was reached and truly 
horrendous if it hit 0.0, as suggested by some of the authors 
noted above. Of all the aquatic species, only elasmobranchs show 
a drastic drop in eastern Montana. Thus, vertebrate indicators 
do not reflect any evidence of an acid rain; whatever acid rain oc- 
curred did not leave a discernable effect in the vertebrate record. 

Also associated with the impact hypothesis was the claim 
that Earth underwent massive global wildfires (Wolbach et al. 
1988; Ivany and Salawitch 1993). Soot and charcoal have been 
reported from several sites at the K/T boundary coincident with 
the enrichment of iridium noted earlier. It was argued that the 
isotopic signature of the charcoal and soot is unique and must 
therefore have come from the essentially synchronous burning 
of vegetation equivalent to half of all the modern forests. Other 
scenarios argue that some 25% of the aboveground biomass 
burned at the end of the Cretaceous (Ivany and Salawitch 1993). 

Such a global conflagration is really beyond our comprehen- 
sion. In such an apocalyptic global wildfire, much of the above- 
ground biomass all over the world would have been reduced to 
ashes. In fresh water, those plants and animals not boiled out- 
right would have faced a rain of organic and inorganic matter 
unparalleled in human experience. These organisms could have 
literally choked on the debris or suffocated as oxygen was sud- 
denly depleted with the tremendous influx of organic matter. 
For some scientists, it thus is no surprise that the global-wildfire 
scenario appears to be one of equal-opportunity losers and thus 
does not show any significant agreement with the differential pat- 
tern of vertebrate extinction and survival at the K/T boundary. 
For other scientists, however, the aquatic realm may have been 
just the place to optimize survival, and it is thus not surprising 
that survivorship among aquatic organisms was favored. 

At Stevns Klint, Denmark, one of the localities where the soot 
layer was first reported, the physical basis for such an event 
may be suspect (Officer and Ekdale 1986). It has been argued 
that there is a global charcoal and soot layer that coincides with 
the K/T boundary, whose emplacement is measured in months 
(Wolbach et al. 1990). This also assumes that the sedimentary 
layer encasing the charcoal and soot was also deposited in only 
months. This is not the case at Stevns Klint section on the coast 
of Denmark. Ichnologists Ekdale and Bromley (1984) have de- 
scribed it as a laterally discontinuous, complexly layered and 
burrowed clay. According to Officer and Ekdale (1986) this unit 
could not be the result of less than a year of deposition caused 
by an impact-induced global wildfire. Thus, despite its uni- 
form isotopic signature, the carbon accumulation near the K/T 
boundary at Stevns Klint, at least, has been interpreted as pos- 
sibly the result of much longer-term accumulation (Officer and 
Ekdale 1986). 
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The Plant Record 


The record for plants at and near the K/T boundary is usually dis- 
tinguished as megafloral (including leaves and fruiting bodies) 
and palynological (including pollen and spores). The palyno- 
logical record is commonly easier to sample over a greater geo- 
graphic range but may not allow as great a taxonomic resolution 
as the megafloral remains. Although more global in extent than 
the vertebrate record, the plant record also is best known in the 
Northern Hemisphere, particularly in North America. Unlike for 
vertebrates, it has been possible to recognize four megafloral 
zones in the Hell Creek (three zones) and lower Fort Union (one 
zone) formations (Johnson and Hickey 1990; Johnson 1992). 
Although best studied near Marmarth in southwestern North 
Dakota, this megaflora also has been studied in eastern Mon- 
tana, eastern Wyoming, and western portions of South Dakota. 
Between each of the four successive megafloras, extinctions 
were 59%, 75%, and 79% (Johnson and Hickey 1990; Johnson 
1992). The last figure of 79% extinction is for extinction at the 
K/T boundary. 

Above and beyond the megafloral extinction, a fern spore 
“spike” occurs just above the iridium-bearing clay at the K/T 
boundary. This is believed to have been caused by a brief flour- 
ishing of spore-bearing ferns at the K/T boundary (Orth et al. 
1981; Tschudy et al. 1984a). 

More recent, finer-grained sampling of palynomorphs in east- 
ern Montana suggests that plant communities were changing 
before the K/T boundary, possibly reflecting a transition from 
more open to more closed and moist habitats (Stromberg et al. 
1998). To the north, in Canada, palynomorphs (Sweet et al. 1993) 
have also been argued to show a more gradual change. On the 
opposite side of the globe, in such places as New Zealand, which 
was much farther south than it is today, and in Antarctica, the 
palynofloral record does not record any biotic upheaval (John- 
son 1993; Askin et al. 1994). The picture that is emerging is one 
of considerable extinction at lower latitudes compared with 
higher latitudes. 


The Marine Record 


The marine record of invertebrates, in both geographic and 
stratigraphic coverage, is more complete than either the marine 
or terrestrial vertebrate record. Nonetheless, the patterns of ex- 
tinction in many groups are poorly understood, and only hint 
at the nature of the boundary event(s). 

Arguably the most profound change in the biota at the K/T 
boundary is recorded in marine records obtained through the 
Deep Sea Drilling and Oceanic Drilling programs. In these de- 
posits, stable isotope records (13C) from foraminiferans indicate 
that the normal (~4-5 permil) difference in C between the 
benthic and planktic organisms effectively collapsed, so that 
there was virtually no difference between the isotopic signatures 
of the surface and bottom of the oceans (Hsti et al. 1982; Arthur 
et al. 1987; Zachos et al. 1989). This extraordinary event was 
once considered to have resulted from a cessation in primary 
productivity, popularized by Hsii et al. (1982) as the “Strange- 
love Ocean.” In the intervening years, it has been noted that the 
stable isotope record can be equally explained by a reduction 
in surface-dwelling carbon export to the deep oceans (D’Hondt 
et al. 1996). Either explanation (or both) may be correct; regard- 
less, the data suggest that a profound perturbation of oceanic 
primary productivity occurred at the K/T boundary. Carbon ex- 
port from the surface waters to deep waters in the oceans appears 
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to have been shut down for an approximately three-million- 
year period just after the K/T boundary (Luttenberg et al. 1995; 
D’Hondt et al. 1996). 

Interestingly enough, although there has been little disagree- 
ment about the isotopic record, the fossil record of Foraminifera 
(from whence the stable isotopes are obtained) remains contro- 
versial. All agree that there was a major foraminiferal extinction, 
but the question is whether it was abrupt at the boundary or 
spread out across the K/T transition. The issue revolves around 
the question of whether the record can be read literally. If so, it 
would suggest a slower paced extinction. If there was mechani- 
cal turbation of the samples, as claimed by many workers (e.g., 
D’Hondt et al. 1996; Huber 1996), some Cretaceous Foraminifera 
could have been reworked into lower Paleocene samples and a 
record that appeared gradual would actually have been abrupt. 
The issue came to a head in a “blind test,” a test in which pale- 
ontologists from both factions were given unknown samples 
from the El Kef, Tunisia, K/T section, to identify and analyze. 
The results of even this test were ambiguous (Ginsburg 1997). 
Up-to-date statements claiming an abrupt foraminiferal extinc- 
tion may be found in D’Hondt et al. (1996), Huber (1996), and 
Norris et al. (1999); the view that the extinction was gradual is 
presented in Keller and MacLeod (1995) and MacLeod (1996). 
Pospichal (1994, 1996) has reconstructed nannoplankton ex- 
tinctions as having undergone an unambiguously abrupt and 
synchronous extinction. 

Data regarding macroinvertebrates are less definitive. Sixty- 
three percent of bivalves became extinct sometime during the 
last ten million years of the Cretaceous (Raup and Jablonski 
1993) but how abrupt or gradual that extinction was is unclear; 
rudists apparently went out somewhat before the boundary. 
Inoceramids are known to have undergone an asynchronous, 
global mid-Late Cretaceous (mid-Maastrichtian) extinction 
(MacLeod et al. 1996). 

Ammonites have been traditional indicators of biotic crises 
in the marine world, and their fortunes have waxed and waned 
since their appearance during the Devonian (Clarkson 1986). 
The latest Cretaceous record of ammonites is complicated by a 
sea-level-driven extinction that occurred somewhat before the 
boundary. Possibly the most detailed study to date is that for the 
region of Zumaya, Spain. Marshall and Ward (1996) concluded 
that of 28 species of ammonites, 6 became extinct well before 
the K/T boundary, another 3-10 either disappeared before (pos- 
sibly from a major regression) or survived until the K/T bound- 
ary, and the remaining 12 species probably survived until the K/T 
boundary. 

The record of marine fishes remains largely unknown; how- 
ever, among marine amniotes, plesiosaurs and mosasaurs are 
noteworthy. Both are known from the latter part of the Late Cre- 
taceous, but neither is known from the early Tertiary. Their pace 
of extinction, however, is not well understood. Both may or may 
not have been undergoing decline. In North America, where 
these matters have been best studied, marine beds of K/T age are 
uncommon, because of the Late Cretaceous regression. 


Scenarios of Extinction at the K/T Boundary 


In the previous sections, we reviewed the physical and biotic 
events before and through the K/T boundary. There is an emerg- 
ing consensus on many points, but as we discussed, there re- 
mains considerable controversy as to how each of the physical 
events (volcanism, marine regression, and asteroid impact) may 
have contributed to the extinctions, including the pace of ex- 


tinctions. To highlight these differences, each of us, as represen- 
tatives of differing schools of thought on the cause or causes of 
the K/T extinctions, conclude by presenting two alternatives 
of what may have happened some 65 mya. 


Multiple Causes for the K/T Extinctions 


There are two major arguments for considering the K/T extinc- 
tions as the result of multiple causes rather than any single 
cause. First, as discussed in this chapter, no single pattern of ex- 
tinction and survival is seen at the K/T boundary. The very great 
phylogenetic and ecological differences in survival are a strong 
indication that no single cause is sufficient. Together, however, 
volcanism, marine regression, and asteroid impact can explain 
this differential pattern of survival. Literally almost everything 
that could go wrong did so surrounding the K/T boundary. Sec- 
ond, some events offered as a single cause for the K/T extinctions 
are either not associated with other mass extinctions or have 
occurred at other times without causing mass extinction. For ex- 
ample, the essentially contemporaneous, 35.7-million-year-old, 
100-km-wide Siberian Popigai and 85-km-wide Chesapeake Bay 
craters (Bottomley et al. 1997) do not correlate with any mass 
extinction. Further, of the five widely accepted mass extinctions, 
only that at the end of the Cretaceous correlates with a large im- 
pact. Interestingly, all five major mass extinctions do correlate 
with global marine regressions (Hallam and Wignall 1997), and 
extinctions at the terminal Jurassic and terminal Cretaceous are 
associated with by far the greatest marine regressions since the 
beginning of the Triassic about 250 mya (Smith et al. 1994). 

The following scenario of the K/T extinctions modified after 
Archibald (1996a) is one of multiple causes—volcanism, marine 
regression, and asteroid impact. Each may have been necessary 
for these extinctions, but none was sufficient to cause the decid- 
edly differential pattern of extinctions seen in the fossil record of 
vertebrates from western North America. It isan account of more 
than one kind of biotic stress leading to extinction. 

To understand this biotic upheaval, one must start at least 
ten million years before the boundary. Because the record of ver- 
tebrate change during this time is largely limited to the Western 
Interior, the scenario must be similarly limited in scope. How 
much more widely it can be applied remains a paleontologic 
puzzle. 

The scene approximately 75 mya is of an open plain with 
scattered trees on the eastern shore of Laramidia (Western Inte- 
rior of North America). Rivers of moderate size meander across 
the landscape. In the distance, the plains are lapped gently by a 
shallow sea stretching to the horizon. The scene is dominated by 
vast herds of several species of duck-billed and horned dino- 
saurs, analogous to the herds of animals found on the Serengeti 
Plain of Africa today. Other ornithischian dinosaurs and the in- 
frequent meat-eating theropods cross the landscape. The streams 
are populated by numerous species of turtles, amphibians, croc- 
odilians, and fish, including the occasional skate or shark swim- 
ming up from the nearby sea. It is daytime; mouse and rat-sized 
mammals are asleep in their dens. 

Fast forward to about 66 mya. The shallow seaway has begun 
to slip away to the south and east. As the exiting seaways reach 
lower-lying, flatter terrain, the rate of exodus quickens with the 
final stages of withdrawal occurring in, at most, tens of thou- 
sands of years. So, too, have followed the great herds of duck- 
billed and horned dinosaurs. But as their dwindling refugia of 
low coastal plains rapidly decreases, first one, then another of 
the species dwindles until the great herds are reduced to at most 


two or three remaining species, much like the herds of bison that 
once roamed North America. Dinosaurs, like large vertebrates 
everywhere and at all times, are the first to experience biotic 
stresses leading to decline and disappearance. 

We do not know what was happening to vertebrates in more 
inland areas just before the K/T boundary, as few such areas are 
well preserved and none has been studied. The coastal plains di- 
nosaurs certainly were capable of migrating from one shrinking 
coastal habitat to another, but even this could not stop further 
declines in population sizes—just like the relentless encroach- 
ments of increasing human populations that are causing many 
biotas to shrink today. Other large vertebrates suffered. The Ko- 
modo dragon-sized lizards and the single exclusively terrestrial 
turtle, Boremys, also experienced declines. Populations of smaller 
terrestrial vertebrates were also declining, but because of shorter 
life spans and quicker turnover rates, they adapted more quickly 
to the environmental stresses caused by the loss and fragmenta- 
tion of the coastal plains. 

Marsupials had flourished for some 25 million years in North 
America. Newly emerging land bridges appeared as the seas re- 
treated. Invaders appeared. In North America, these were the 
newly arriving diminutive archaic ungulates, probably from Asia. 
In the Western Interior, at least, they successfully competed 
with the marsupials for dwindling resources. In South America, 
events were different. Both groups of mammals appeared in 
South America soon after the K/T boundary, where they di- 
vided into guilds, with marsupials becoming the carnivores and 
the ungulates the herbivores. This co-evolutionary arrangement 
lasted for almost 50 million years in South America, with only 
an infusion of rodents and primates from the outside world. 

Unlike the terrestrial vertebrates, freshwater species faced far 
less stress, largely because the size of their habitat was at least 
holding its own as the lengthening streams followed the re- 
treating seas. Not all aquatic vertebrates fared so well. With the 
loss of close ties to the seas in areas like eastern Montana, sharks 
and skates ventured into the rivers in the area less and less fre- 
quently, as the distance to the sea expanded from tens to thou- 
sands of miles, eventually reaching Texas to the south. 

Plants and nearshore species also showed added stresses as 
their respective habitats shrank. Certainly, some species must 
have done well as new habitats were formed as the seas regressed. 
As with vertebrates, however, we do not have any clear record of 
these environments away from the coastal areas. 

Even before the seas began to retreat, the waxing and waning 
of the eruptions of the Deccan Traps added further stresses. One 
such stress was the added particulate matter in the atmosphere 
that very slowly began to cool and dry some areas of the globe. 

Suddenly, a literally Earth-shattering event magnified the 
differences between the “have” and “have not” species. A 10-km- 
wide asteroid struck what today we call the Yucatan Peninsula. 
Material injected into the upper atmosphere formed a cover of 
darkness, blanketing the sun to the point that photosynthesis 
either ceased or diminished for many weeks, depending upon 
location. The effects were especially acute at lower latitudes and 
closer to the impact, such as in North America. Plants unaccus- 
tomed to lower light regimes caused by the seasonal changes 
in the Sun’s position were especially hard hit. Higher latitude 
plants accustomed to seasonally lower light regimes were better 
able to survive, as were the animals that fed upon them. The ef- 
fects on higher latitude plants and animals were tempered by 
which season they were experiencing when impact occurred. 
Extinction rates for coastal plants in North America soared be- 
cause of the cumulative effects of continued habitat loss, drought, 
and loss of sunlight. 


DINOSAUR EXTINCTION 683 


Except for the elasmobranchs, which had already departed 
or become extinct as the seas regressed, all ectothermic aquatic 
vertebrate species (bony fishes, amphibians, turtles, champso- 
saurs, and crocodilians) weathered the impact well in their still- 
flourishing freshwater habitats (80% or 37 out of 46 taxa sur- 
vival rate). 

With the added loss of more plant species, and the reduction 
of biomass that the impact brought in the already highly stressed 
ecosystem on land, other vertebrate species rapidly succumbed. 
Most notable were the last of the large herbivorous nonavian 
dinosaurs. The remaining predaceous, nonavian dinosaurs fol- 
lowed very soon, with the larger species disappearing first. In 
some places on the globe, the great saurians may have lingered 
a while longer, but finally, for the first time in more than 150 mil- 
lion years, no large land vertebrates graced Earth. The landscape 
was open and waiting for evolution’s next gambit—mammals. 


A Single Cause for the K/T Extinctions 


The single-cause argument for the K/T extinctions is fundamen- 
tally a parsimony argument. Fastovsky and Weishampel (1996) 
have noted that any hypothesis purporting to explain events 
at the K/T boundary must meet two criteria: (1) the hypothesis 
must be testable, and (2) the hypothesis must be able to explain 
as much of what is known about the boundary as is possible. 

In this sense, the argument that a variety of causes (asteroid 
impacts, volcanism, regression) produced a variety of effects on 
a variety of different organisms is unsatisfying. If more “causes” 
were known, would we then be better able to explain the effects? 
The multiple-causes-multiple-effects viewpoint is a default: 
simply because these events are known to have occurred is not 
a priori reason to consider them causes. Many of these events oc- 
curred many times pervasively—even in conjunction—and did 
not cause a mass extinction. 


TESTABILITY OF THE ASTEROID IMPACT HYPOTHESIS 


Is the asteroid impact hypothesis testable? Unquestionably so, 
not only in terms of the predictions that it makes for the ubiq- 
uity and synchroneity of deposits left by the impact, but also 
in terms of the prediction that it makes with regard to the biota. 

The asteroid hypothesis predicts that the K/T extinction will 
be found globally to have been abrupt and synchronous. This is 
fundamentally distinct from the claim that has been made (e.g., 
Archibald 1996a) that the biota does not show in its extinction 
patterns the by-products of an asteroid impact, such as acid rain. 
It is interesting that these by-products have been hypothesized 
and researched, but they should not be confused for predictions 
of the asteroid impact hypothesis. Our current understanding 
is such that the only legitimate prediction for the asteroid im- 
pact hypothesis is that the pattern of extinction must be abrupt 
and synchronous. 

Given this assertion, the general pattern for our understand- 
ing of the extinctions is that they were synchronous and abrupt 
in both the terrestrial and marine realms. Over the past 18 years, 
the trend has been that groups once thought to have become 
extinct gradually have come to be recognized as having under- 
gone an abrupt extinction. Ammonites, Foraminifera, and angio- 
sperms are among the most well-documented examples of this. 
For other groups—most notoriously, dinosaurs—many workers 
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are convinced by the data that an abrupt extinction occurred. 
To date, all field-based studies whose sole design and intent were 
to reconstruct the fluxes of vertebrate populations across the 
K/T boundary (e.g., Sheehan et al. 1991; Buffetaut 1997; Pearson 
et al. 2001, 2002) are compatible with an impact scenario. The 
single-cause extinction viewpoint prediction is that groups 
whose extinction patterns are currently uncertain will be shown 
to have become extinct abruptly and synchronously. In the 
case of the dinosaurs, the study of terrestrial K/T boundaries in 
China, India, Spain, France, and Romania (see Buffetaut 1997) 
may provide the keys to reconstructing dinosaur population 
fluxes in the Latest Cretaceous. 


EXPLANATION OF ALL THE DATA 


Both the single-cause and multiple-cause viewpoints agree that 
the K/T extinctions touched a variety of taxa, both terrestrial and 
marine. We know that primary production dropped globally. 
Along with the extinctions, we know that Earth’s ecosystems 
were significantly and globally disrupted. We know that this 
disruption—as reflected in the extinctions—was globally syn- 
chronous. Rather than postulating a variety of unconnected 
causes as somehow coalescing at the K/T boundary, it is much 
more parsimonious to postulate that the synchroneity is because 
the extinctions were caused by a single event. It is reasonable to 
do this, particularly when there is—at this time—no doubt that 
an exceptionally rare event (the asteroid impact) that was big 
enough to do the job also took place at that time. Why accumu- 
late other mechanisms—none of which was enough to do the 
job by itself—and concatenate them, when a sufficiently power- 
ful means of killing exists? 

The exact mechanism of the asteroid’s destruction remains 
unclear, although the power released by such an impact is un- 
doubted. As noted above, if sunlight were reduced and/or cut 
off over a period of several months, primary production (via 
photosynthesis) could be shut off. Clearly, one of the dominant 
signatures of the extinctions at the K/T boundary was the cessa- 
tion of primary productivity, and so this correlates well with a 
pattern that might be expected from a cessation and/or reduc- 
tion of incoming sunlight. 

Recently, Schultz and D’Hondt (1996) have produced an in- 
teresting suggestion. Basing their analysis on asymmetries in 
subsurface features of the Chicxulub crater (observed via geo- 
physical methods), they determined that the impact must have 
occurred at a low angle (~30°) from the southeast. That being the 
case, they predicted that the greatest devastation should have 
occurred in the Northern Hemisphere at relatively low latitudes. 
Indeed, what is known of the pattern of extinctions approxi- 
mates this hypothesis. 

Thus, the key features of the single-cause hypothesis are the 
parsimony of the argument, and the secure sense that the aster- 
oid impact was powerful enough to cause the extinction. At- 
tempts to develop precise scenarios appear, in this viewpoint, 
difficult to sustain. This is because the ramifications of massive 
impacts are poorly understood, the vagaries of the fossil record 
do not allow a mechanistic reading of it, and, in the chaotic and 
catastrophic scenario that must have resulted from the impact, 
survivorship at least in part depended upon luck, thus defying 
retrodiction. We can be sure that whatever else is true, the last 
word has not yet been said vis-a-vis the extinctions at the end 
of the Mesozoic. 
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Abelisaurus, 49 
skull, 51, 52-53 
Abelisaurus comahuensis 
age, 49 
material, 49, 66 
occurrence, 49, 66 
skull, 51 
Abrictosaurus, 394 
Abrictosaurus consors 
age, 394 
classification (phylogenetic position), 
408-10 
dentition, 397 
material, 393, 394 
occurrence, 394 
skeleton, 406 
skull, 393-403 
Abrosaurus, 265 
classification (phylogenetic position), 
305-6 
diagnosis, 305-6 
material, 305 
occurrence, 305 
skull, 273 
Abrosaurus dongpoi 
age, 265 
material, 265 
occurrence, 265 
Acanthopholis, 270, 367, 417. See also 
Eucercosaurus 
Acanthopholis eucercus, material, 367 
Acanthopholis horridus. See also Acanthopholis 
macrocercus; Acanthopholis platypus; 
Acanthopholis stereocercus 
material, 367 
skull, 376 
Acanthopholis macrocercus. See also 
Acanthopholis horridus 
material, 367, 417 
Acanthopholis platypus. See also Acanthopholis 
horridus; Macrurosaurus semnus 
material, 270, 367 
Acanthopholis stereocercus. See also 
Acanthopholis horridus 
material, 367, 417 
Achelousaurus, 495 
classification (phylogenetic position), 
508-9, 509 


skull, 497, 500 
Achelousaurus horneri 
age, 495 
material, 495 
occurrence, 494, 495 
skull, 498, 502 
Achillobator, 198 
classification (phylogenetic position), 207, 
207 
skeleton, 202-6, 203 
Achillobator giganticus 
age, 198 
caudal vertebrae, 203 
chevron, 203 
classification (phylogenetic position), 
207 
diagnosis, 207 
material, 198 
occurrence, 198 
pedal digit, 203 
size, 196, 207 
skull, 197 
Acrocanthosaurus, 75 
classification (phylogenetic position), 99, 
104 
dentition, 84 
paleobiology, 109 
skeleton, 84, 86, 88-89, 88-90, 90, 92, 93 
skull, 79-81, 82 
Acrocanthosaurus altispinax. See Becklespinax 
altispinax 
Acrocanthosaurus atokensis 
age, 75, 104 
braincase, 54 
carpus, 90 
classification (phylogenetic position), 104 
forelimb, 89 
humerus, 88 
material, 75, 104 
occurrence, 75, 104 
pes, 93 
scapulocoracoid, 87 
skeleton, 84, 88-90, 92 
skull, 80-81, 82 
Adasaurus, 198 
skeleton, 204, 206, 209 
Adasaurus mongoliensis 
age, 198 


classification (phylogenetic position), 207, 
207 
diagnosis, 207 
material, 198, 207 
occurrence, 198, 207 
pelvis, 206 
Aegyptosaurus, 267 
age, 309 
classification (phylogenetic position), 309 
diagnosis, 309 
material, 309 
occurrence, 309 
Aegyptosaurus baharijensis 
age, 267 
material, 267 
occurrence, 267 
Aeolosaurus, 268 
classification (phylogenetic position), 311 
diagnosis, 311 
material, 311 
occurrence, 311 
skeleton, 286 
Aeolosaurus rionegrinus 
age, 268 
material, 268 
occurrence, 268 
Aepyornis, 321 
Aepysaurus, 260 
Aepysaurus elephantinus, material, 270 
Aetonyx. See Massospondylus 
Aetonyx palustris. See also Massospondylus 
carinatus 
material, 236 
Aetosaurus ferratus, 11 
Afrovenator, 72 
classification (phylogenetic position), 96 
occurrence, 72, 97, 109 
skeleton, 84, 89-90, 91 
skull, 79, 80 
Afrovenator abakensis 
age, 72, 97 
material, 72, 97 
occurrence, 72, 97 
pelvis, 91 
skull, 80 
Agathaumas 
classification (phylogenetic position), 508 
material, 494 
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Agathaumas milo. See Edmontosaurus regalis 
Agathaumas sylvestris, material, 496 
Agilisaurus, 394 
Agilisaurus louderbacki 

age, 394 


classification (phylogenetic position), 409, 


410 
material, 394 
occurrence, 394 
skeleton, 403-5, 407-8 
skull, 396-403, 399 
‘Agilisaurus” multidens 
age, 394 
classification (phylogenetic position), 408, 
409, 410 
material, 394 
occurrence, 394 
skeleton, 403-8 
skull, 397-403 
Agnosphitys 
skeleton, appendicular, 33, 39 
skull, 28 
Agnosphitys cromhallensis, 28 
material, 26 
systematics, 43-44 
Agrosaurus, 232, 236 
Agrosaurus macgillivrayi, material, 236 
Agustinia, 267 
classification (phylogenetic position), 309 
diagnosis, 309 
material, 309 
occurrence, 309 
Agustinia ligabuei 
age, 267 
material, 267 
occurrence, 267 
Alamosaurus, 268 
biogeography, 642 
classification (phylogenetic position), 297, 
311 
diagnosis, 311 
material, 311 
occurrence, 311 
skeleton, 284-85, 288, 290, 292 
skull, 273 
taphonomy, 612 
Alamosaurus sanjuanensis 
age, 268 
material, 268 
occurrence, 268 
scapula, 287 
sternal plate, 288 
vertebrae, proximal caudal, 286 
Albertosaurus, 112. See also Deinodon; 
Gorgosaurus 
classification (phylogenetic position), 130 
diagnosis, 130 
paleobiology, 134 
paleoecology, 621, 622 
size, 131 
skeleton, 119, 121-24 
skull, 115-16, 118, 131 
taphonomy, 611 
Albertosaurus arctunguis, 131. See also 
Albertosaurus sarcophagus 
Albertosaurus libratus. See Deinodon horridus; 
Gorgosaurus libratus 
Albertosaurus megagracilis. See Tyrannosaurus 
rex 


Albertosaurus novojilovi. See Tarbosaurus bataar 
Albertosaurus perculosus. See Tarbosaurus bataar 
Albertosaurus sarcophagus. See also Albertosaurus 


arctunguis 
age, 112, 131 
classification (phylogenetic position), 127 
diagnosis, 131 
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material, 111, 112, 131 
occurrence, 112, 131 
palatal elements, 117 
paleobiology, 134 
size, 111 
Albisaurus scutifer, material, 417 
Alectrosaurus, 113 
classification (phylogenetic position), 130 
paleobiology, 134, 136 
skeleton, 119 
Alectrosaurus olseni 
age, 113, 132 


classification (phylogenetic position), 128, 


132 
dentition, 119 
diagnosis, 132 
material, 113, 132 
metatarsus, 126 
occurrence, 113, 132, 163 
pes, 126 
skull, 115-16, 119 
tibia, 126 
Aletopelta coombsi, material, 367 
Alexornis, 212, 221 
Alexornis antecedens 
age, 212 
material, 212 
occurrence, 212 
Algoasaurus bauri, material, 270 
Alioramus, 113 
classification (phylogenetic position), 130 
paleobiology, 134 
skeleton, 119 
skull, 115, 117-18 
Alioramus remotus 
age, 113 


classification (phylogenetic position), 128, 


132-33 
material, 113, 132 
occurrence, 113, 132 
skull, 115, 115, 132-33 
Aliwalia, 26 
biogeography, 46 
dentition, 30 
diet, 45 
paleoecology, 46 
skeleton, appendicular, 37-38 
skull, 28 
systematics, 42, 44 
Aliwalia rex 
age, 26 
femur, 37 
material, 26 
occurrence, 26, 28 
Alligator mississippiensis, bone, 656, 658 
Allosaurus, 74-75. See also Creosaurus; 
Labrosaurus 
bone, 655 
braincase, 54 
classification (phylogenetic position), 64, 
95-96, 100-103, 194, 249 
dentition, 54, 79, 84 
display structures, 110 
material, 110 
paleobiology, 110, 133, 135 
paleoecology, 110, 621, 622, 624, 626 
skeleton, 58, 61, 84-85, 85, 88-91, 91, 92, 
92,93, 122 
skull, 79-84, 81, 109, 115-16 
taphonomy, 360, 612-13 
unnamed, 75 
Allosaurus ferox. See Allosaurus fragilis 
Allosaurus fragilis. See also Hypsirhophus 
discurus; Labrosaurus ferox 
age, 75 
braincase, 54 


classification (phylogenetic position), 64, 


96, 100-102 
feeding by, 109 
femur, 92 
fibula, 92 


material, 75, 102-3, 111 
occurrence, 75, 102-3, 109 
paleobiology, 109 
pelvis, 91 
sacrum, 91 
skeleton, 84-85, 85, 88-93 
skull, 80-81, 81, 82-84, 109 
tibia, 92 
Allosaurus lucaris. See Allosaurus fragilis 
Allosaurus maximus, 103 
Allosaurus medius, material, 78 
Allosaurus sibiricus. See ?Chilantaisaurus 
sibiricus 
?Allosaurus tendagurensis 
age, 75 
material, 75 
occurrence, 75 
Alocodon, classification (phylogenetic 
position), 332 
Alocodon kuehnei, 333 
material, 326 
Altirhinus, 413, 415 
paleobiology, 435, 437 
skeleton, 428-30 
skull, 417-18, 424-25 
taxonomy, 433 
Altirhinus kurzanovi 
age, 415, 434 
classification (phylogenetic position), 434 
dentition, 425 
diagnosis, 434 
material, 415 
occurrence, 415, 434 
skull, 419 
Altispinax, 99 
material, 78 
Altispinax dunkeri. See Megalosaurus dunkeri 
Alvarezsaurus, 211 
classification (phylogenetic position), 224 
Alvarezsaurus calvoi 
age, 211 
material, 211 
occurrence, 211 
Alwalkeria, 26 
dentition, 30, 45 
diet, 45 
mandible, 28, 30 
paleoecology, 46 
skeleton 
appendicular, 37-39 
axial, 30-33 
skull, 28 
systematics, 43 
Alwalkeria maleriensis 
age, 26 
astragalus, 39 
femur, 37 
material, 26, 28 
occurrence, 26, 28 
systematics, 43 
vertebral column, 32 
Alxasaurus, 152 
age, 152, 163 
classification (phylogenetic position), 160, 
160 
dentition, 155 
paleoecology, 163 
skeleton, 156, 156-58, 161-62 
skull, 153-54, 155 
Alxasaurus elesitaiensis 
age, 152 


anatomy, 151 
classification (phylogenetic position), 160 
dentary, 155 
diagnosis, 162 
humerus, 156 
manus, 156 
material, 151, 152 
occurrence, 152 
Amargasaurus, 264, 273 
classification (phylogenetic position), 297, 
304 
diagnosis, 304 
material, 304 
occurrence, 304 
skeleton, 282 
skull, 273, 276 
vertebrae, cervical, 317 
Amargasaurus cazaui 
age, 264 
material, 264 
occurrence, 264 
Ambiortus, 214 
classification (phylogenetic position), 224 
Ambiortus dementjevi 
age, 214 
material, 214 
occurrence, 214 
Ammosautus, 234, 251 
classification (phylogenetic position), 249 
occurrence, 233, 234, 251 
paleobiology, 255 
pelvic girdle, 247 
skeleton, 243-49, 247 
taphonomy, 254 
Ammosaurus major. See also Anchisaurus solus 
age, 234, 251 
classification (phylogenetic position), 251 
diagnosis, 251 
material, 234 
occurrence, 234, 251 
size, 251 
Ampelosaurus, 268, 273 
classification (phylogenetic position), 311 
diagnosis, 311 
material, 311 
occurrence, 311 
Ampelosaurus atacis 
age, 268 
material, 268 
occurrence, 268 
Amphicoelias, 265 
classification (phylogenetic position), 302 
diagnosis, 302 
material, 302 
occurrence, 302 
Amphicoelias altus 
age, 265 
material, 265 
occurrence, 265 
Amphicoelias fragillimus. See Amphicoelias 
altus 
Amphicoelias latus. See Camarasaurus supremus 
Amphisaurus. See Anchisaurus 
Amtosaurus, 367 
classification (phylogenetic position), 391 
skull, 376 
Amtosaurus archibaldi 
age, 367 
material, 367 
occurrence, 367, 391 
skull, 376 
Amtosaurus magnus 
age, 367 
material, 367 
occurrence, 367, 391 
Amurosaurus, 441 


Amurosaurus riabinini 
age, 441 
material, 441 
occurrence, 441 
Amygdalodon, 263 
classification (phylogenetic position), 302 
diagnosis, 302 
material, 302 
occurrence, 302 
Amygdalodon patagonicus 
age, 263 
material, 263 
occurrence, 263 
Anabisetia, 394 
Anabisetia saldiviai 
age, 394 
material, 394 
occurrence, 394 
Anas, classification (phylogenetic position), 
224 
Anasazisaurus, 439 
Anasazisaurus horneri 
age, 439 
material, 439 
occurrence, 439, 460 
Anatosaurus. See Edmontosaurus 
Anatosaurus copei. See Edmontosaurus annectens 
Anatotitan, 460. See also Edmontosaurus 
Anatotitan copei. See Edmontosaurus annectens 
Anchiceratops, 495 
biogeography, 642 
classification (phylogenetic position), 
508-9, 509 
skull, 497, 502 
Anchiceratops longirostris. See Anchiceratops 
ornatus 
Anchiceratops ornatus 
age, 495 
material, 495 
occurrence, 495 
skeleton, 503, 505 
skull, 499 
taphonomy, 510 
Anchisaurus, 234 
braincase, 241 
classification (phylogenetic position), 249, 
249, 250 
dentition, 242 
manus, 245 
occurrence, 233 
paleobiology, 254-58 
pelvic girdle, 247 
pes, 247 
skeleton, 243-49, 245, 247 
skull, 237-43, 239, 241 
taphonomy, 254 
Anchisaurus colurus. See Anchisaurus polyzelus 
Anchisaurus major. See Ammosaurus major 
Anchisaurus polyzelus 
age, 234, 250 
classification (phylogenetic position), 
250-51 
diagnosis, 250-51 
material, 234 
occurrence, 234, 250 
size, 250 
Anchisaurus solus. See also Ammosaurus major 
material, 236 
Andesautrus, 267, 273 
classification (phylogenetic position), 296, 
309 
diagnosis, 309 
material, 309 
occurrence, 309 
Andesaurus delgadoi 
age, 267 


material, 267 
occurrence, 267 
Angaturama, 73, 98-99 
Angaturama limai 
age, 73, 98 
classification (phylogenetic position), 98-99 
diagnosis, 98-99 
material, 73, 98 
occurrence, 73, 98 
Angelinornis. See Ichthyornis 
Angelinornis antecessor. See Ichthyornis dispar 
Animantarx, 366 
classification (phylogenetic position), 390 
Animantarx ramaljonesi 
age, 366 
material, 366 
occurrence, 366, 390 
Ankylosaurus, 365 
classification (phylogenetic position), 388 
skeleton, 380 
skull, 368, 370, 375-77 
Ankylosaurus magniventris 
age, 365, 390 
classification (phylogenetic position), 390 
dentition, 379 
diagnosis, 390 
femur, 386 
humerus, 385 
ischium, 381 
material, 365 
occurrence, 365, 390 
size, 390 
skull, 371, 374, 390 
occipital view, 376 
vertebrae, 380 
Anodontosaurus. See Euoplocephalus 
Anodontosaurus lambei. See Euoplocephalus 
tutus 
Anoplosaurus, 367 
Anoplosaurus curtonotus, 391 
age, 367 
material, 367 
occurrence, 367 
Anoplosaurus major, material, 367, 417 
Anserimimus, 138 
classification (phylogenetic position), 94, 
146, 148, 148 
skeleton, 143-44 
Anserimimus planinychus 
age, 138, 146 
classification (phylogenetic position), 146, 
148 
manual ungual, 144 
material, 138, 146 
occurrence, 137, 138, 146 
Antarctosaurus, 269, 273 
classification (phylogenetic position), 
311-12 
material, 311 
occurrence, 311 
skull, 273 
Antarctosaurus brasiliensis, 312 
material, 270 
Antarctosaurus giganteus, 312 
material, 270 
Antarctosaurus jaxartensis, material, 270 
Antarctosaurus septentrionalis, 312. See also 
Jainosaurus septentrionalis 
Antarctosaurus wichmannianus 
age, 269 
material, 269, 311-12 
occurrence, 269, 311-12 
skull, 278 
Anthodon serrarius. See Paranthodon africanus 
Antrodemus. See Allosaurus 
Apatornis, 214, 225 
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Apatornis celer 
age, 214 
material, 214 
occurrence, 214 
Apatosaurus, 264 
anatomy, 650 
bone, 656, 658 
classification (phylogenetic position), 259, 
297, 304-5 
diagnosis, 304 
feeding habits, 316 
growth, 321 
historical review, 272 
juvenile, 321 
material, 304-5 
neck function and posture, 317-18 
occurrence, 304-5 
skeleton, 260, 279-80, 282-85, 288, 290, 
317 
skull, 273-79 
taphonomy, 360 
vertebrae, cervical, 317, 618 
Apatosaurus ajax 
age, 264 
material, 264 
occurrence, 264, 304-5 
Apatosaurus alenquerensis, 300, 306. See also 
Camarasaurus alenquerensis; 
Lourinhasaurus 
Apatosaurus excelsus 
age, 264 
material, 264 
occurrence, 264, 304-5 
radius, 289 
skeleton, 285 
sternal plate, 288 
vertebrae 
caudal cervical, 281 
proximal caudal, 286 
Apatosaurus grandis. See Camarasaurus grandis 
Apatosaurus laticollis. See Apatosaurus ajax 
Apatosaurus louisae 
age, 264 
mandible, 274 
material, 264 
occurrence, 264, 304-5 
skeleton, 260, 285, 290 
skull, 274 
vertebrae 
caudal dorsal, 283 
cranial dorsal, 284 
“Apatosaurus” minimus 
age, 298 
classification (phylogenetic position), 298 
material, 262, 298 
occurrence, 262, 298 
Apatosaurus yahnahpin. See 7Eobrontosaurus 
yahnahpin 
Apsaravis, 214, 222 
age, 214, 225 
classification (phylogenetic position), 225 
diagnosis, 225 
material, 214, 223 
occurrence, 214, 225 
skeleton, 223 
Apsaravis ukahaana 
age, 214 
material, 214 
occurrence, 214 
Aragosaurus, 263 
classification (phylogenetic position), 302 
diagnosis, 302 
material, 302 
occurrence, 302 
Aragosaurus ischiaticus 
age, 263 


780 GENERA AND SPECIES INDEX 


material, 263 
occurrence, 263 
Aralosaurus, 439 
skull, 444, 445, 448 
Aralosaurus tuberiferus 
age, 439 
material, 439, 460 
occurrence, 439, 460 
skull, 445 
Archaeoceratops, 479 
age, 479, 490, 493 
anatomy, 478-90 
classification (phylogenetic position), 490, 
491 
dentition, 487 
diagnosis, 490 
occurrence, 479, 490, 493 
skull, 478-87, 485 
vertebrae, 487-88 
Archaeoceratops oshimai 
age, 479 
anatomy, 478-90 
classification (phylogenetic position), 490 
material, 479 
occurrence, 479 
skeleton, 482 
skull, 485 
Archaeopteryx, 211 
age, 21 
Berlin specimen, 217 
biogeography, 225, 639 
classification (phylogenetic position), 179, 
210, 220, 223, 224 
diagnosis, 210-16 
evolution, 220 
feathers, 227-28 
historical review, 221 
locomotion, 228 
paleobiology, 226-27 
skeleton, 204, 217, 218-20 
skull, 217-18 
Archaeopteryx bavarica 
age, 211 
material, 211 
occurrence, 211 
Archaeopteryx crassipes. See Archaeopteryx 
lithographica 
Archaeopteryx lithographica 
age, 211 
classification (phylogenetic position), 
179-80, 180 
material, 211 
occurrence, 210, 211 
skeleton, 191 
Archaeopteryx macrura. See Archaeopteryx 
lithographica 
Archaeopteryx oweni. See Archaeopteryx 
lithographica 
Archaeopteryx recurva. See Archaeopteryx 
lithographica 
Archaeopteryx siemensi. See Archaeopteryx 
lithographica 
Archaeornis. See Archaeopteryx 
Archaeornis siemensi. See Archaeopteryx 
lithographica 
Archaeornithoides, 76 
Archaeornithoides deinosauriscus 
age, 76, 108 
classification (phylogenetic position), 108 
material, 76, 108 
occurrence, 76, 108 
Archaeornithomimus, 138 
bone, 657 
classification (phylogenetic position), 94, 
139, 146, 148, 148 
coracoid, 144 


skeleton, 142-44, 145, 148 
Archaeornithomimus asiaticus. See also 
Ornithomimus asiaticus 
age, 138, 146 
classification (phylogenetic position), 146, 
148 
ilium, 145 
material, 138, 146 
occurrence, 138, 146 
sacrum, 145 
Archaeornithomimus bissektensis, material, 139 
Archosaurus, 16 
Argentinosaurus, 267, 273 
classification (phylogenetic position), 296, 
309-10 
diagnosis, 309 
material, 309 
occurrence, 309 
Argentinosaurus huinculensis 
age, 267 
material, 267 
occurrence, 267 
Argyrosaurus, 267 
classification (phylogenetic position), 310 
diagnosis, 310 
material, 310 
occurrence, 310 
Argyrosaurus superbus 
age, 267 
material, 267 
occurrence, 267 
Aristosaurus. See Massospondylus 
Aristosaurus erectus. See Massospondylus 
carinatus 
Aristosaurus solus, material, 236 
Aristosuchus, 76. See also Calamospondylus 
oweni 
material, 76, 78 
Aristosuchus pusillus. See also Calamospondylus 
oweni 
age, 76 
material, 76, 105 
occurrence, 76, 105 
Arrhinoceratops, 495 
classification (phylogenetic position), 
508-9, 509 
material, 494 
Arrhinoceratops brachyops 
age, 495 
material, 495 
occurrence, 495 
skull, 499, 500 
Arrhinoceratops utahensis. See Pentaceratops 
sternbergii; Torosaurus latus 
Arstanosaurus akkurganensis, material, 442 
Asiaceratops salsopaludalis, material, 480 
Asiahesperornis, 215 
Asiahesperornis bazhanovi 
age, 215 
material, 215 
occurrence, 215 
Asiatosaurus kwangshiensis, material, 270 
Asiatosaurus mongoliensis, material, 270 
Astrodon. See Pleurocoelus 
Astrodon johnstoni. See also Pleurocoelus altus 
material, 270 
Astrodon pusillus. See Dacentrurus armatus 
Atlantosaurus, material, 271 
Atlantosaurus alenquerensis. See Lourinhasaurus 
Atlantosaurus immanis. See Apatosaurus ajax 
Atlantosaurus montanus. See Titanosaurus 
montanus 
Atlasaurus, 273 
classification (phylogenetic position), 296, 
297, 306 
diagnosis, 306 


material, 306 
occurrence, 306 
size, 320 
skull, 273 
Atlasaurus imelakei 
age, 265 
material, 265 
occurrence, 265 
Atlascopcosaurus, 394 
Atlascopcosaurus loadsi 
age, 394, 410 
classification (phylogenetic position), 410 
dentition, 410 
material, 394 
occurrence, 394, 410 
skull, 396, 398, 402-3 
Aublysodon 
classification (phylogenetic position), 127 
dentition, 127 
material, 127 
teeth, 119 
Aublysodon amplus. See also Aublysodon 
mirandus 
material, 114 
Aublysodon cristatus. See also Aublysodon 
mirandus 
material, 114 
Aublysodon lateralis, material, 78, 114 
Aublysodon mirandus, 131. See also Aublysodon 
amplus; Aublysodon cristatus 
material, 114 
Aublysodon molnari. See Tyrannosaurus rex 
Aublysodon novojilovi. See Tarbosaurus bataar 
Aucasaurus, 49, 66 
Aucasaurus garridoi 
age, 49 
material, 49 
occurrence, 49 
Austrosaurus, 267 
classification (phylogenetic position), 297, 
310 
diagnosis, 310 
material, 310 
occurrence, 310 
Austrosaurus mckillopi 
age, 267 
material, 267 
occurrence, 267 
Avaceratops, 495 
classification (phylogenetic position), 508, 
510 
diagnosis, 510 
skull, 502 
Avaceratops lammersi 
age, 495 
material, 495 
occurrence, 495 
paleoecology, 461 
skeleton, 505 
skull, 498 
Avalonia sanfordi. See Camelotia borealis 
Avimimus, 166 
classification (phylogenetic position), 165, 
178 
dentition, 167 
diagnosis, 181 
material, 181 
size, 183 
skeleton, 175-78, 181 
skull, 167, 168, 169-73, 181 
Avimimus portentosus 
age, 166 
classification (phylogenetic position), 179, 
180 
material, 166 
occurrence, 166 


pelvis, 177 
skull, 168 
tibia, 108 
Avisaurus, 212 
Avisaurus archibaldi 
age, 212 
material, 212 
occurrence, 212 
Avisaurus gloriae 
age, 212 
material, 212 
occurrence, 212 
Azendohsaurus, 234 
age, 232 
classification (phylogenetic position), 232 
dentition, 244, 253-54 
material, 232 
occurrence, 232 
paleoecology, 46 
Azendohsaurus laaroussii 
age, 234, 253 
classification (phylogenetic position), 253 
dentition, 253-54 
diagnosis, 253 
material, 234, 253 
occurrence, 234 


Bactrosaurus, 437, 439 
skeleton, 456 
taxonomy, 433 
Bactrosaurus johnsoni. See also Gilmoreosaurus 
mongoliensis 
age, 439 
classification (phylogenetic position), 460 
material, 439 
maxilla, 444 
occurrence, 439 
Bactrosaurus prynadai, material, 442 
Bagaceratops, 479. See also Breviceratops 
kozlowskii 
anatomy, 478, 480-81, 486, 489 
classification (phylogenetic position), 490, 
491 
dentition, 487 
diagnosis, 490 
skull, 478, 480-81, 483, 485, 486 
Bagaceratops rozhdestvenskyi 
age, 479 
classification (phylogenetic position), 
490 
material, 479 
occurrence, 479 
skull, 483, 485 
Bagaraatan, 112 
skeleton, 119 
skull, 115 
Bagaraatan ostromi 
age, 112, 128 
diagnosis, 128 
material, 112, 128 
occurrence, 112, 128 
skeleton, 128 
skull, 84 
Bahariasaurus, 77 
paleobiology, 110 
Bahariasaurus ingens 
age, 77, 108 
classification (phylogenetic position), 108 
material, 77, 108 
occurrence, 77, 108 
skeleton, 85, 91-92 
Balaenoptera musculus, 320 
Balaenoptera physalus, 320 
Bambiraptor, 198 
anatomy, 650 
skeleton, 204, 204, 206 


Bambiraptor feinbergorum 
age, 198 
diagnosis, 207 
furcula, 204 
material, 198, 207 
occurrence, 198 
pelvis, 206 
skeleton, 204 
skull, 197, 200 
Baptornis, 215 
Baptornis advenus 
age, 215 
material, 215 
occurrence, 215 
Barapasaurus, 263, 273 
classification (phylogenetic position), 249, 
249, 296, 297, 301 
diagnosis, 301 
material, 301 
occurrence, 301 
size, 320 
skeleton, 279, 282-83, 287, 290, 292 
skull, 273, 278 
Barapasaurus tagorei 
age, 263 
material, 263, 301 
occurrence, 263, 301 
Barosaurus, 264, 272. See also Giganotosaurus 
bone, 656 
classification (phylogenetic position), 297, 
305 
diagnosis, 305 
material, 305 
neck function and posture, 318 
occurrence, 305 
skeleton, 279, 281-83, 285-86 
Barosaurus affinis. See Barosaurus lentus 
Barosaurus africanus, 305. See also 
Gigantosaurus africanus; Tornieria 
africana 
?Barosaurus africanus, 305 
Barosaurus brancai, 272 
Barosaurus lentus, 305 
age, 264 
material, 264 
occurrence, 264 
skull, 273 
vertebrae, caudal cervical, 281 
Barsboldia, 441 
skeleton, 453 
Barsboldia sicinskii 
age, 441 
material, 441, 461 
occurrence, 441, 461 
skeleton, 453 
Baryonyx, 72 
classification (phylogenetic position), 94, 97 
dentition, 623 
gastroliths, 94 
gut contents, 109-10 
paleobiology, 110, 133 
skeleton, 82-83, 84, 86-87, 87-88, 89-90 
skull, 79-81, 81, 83 
Baryonyx walkeri 
age, 72, 97 
classification (phylogenetic position), 97 
dentary, 83 
diet, 110 
humerus, 88 
lacrimal, 82 
material, 72, 97-98 
occurrence, 72, 97 
skeleton, 87, 89-90 
skull, 80-81, 81, 83 
vertebrae, 87 
Bavarisaurus, paleoecology, 623 
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Bavarisaurus cf. macrodactylus, 109 
Becklespinax, 73 
Becklespinax altispinax 
age, 73 
material, 73, 99 
occurrence, 73, 99 
Beipiaosaurus, 152 
age, 152, 163 
classification (phylogenetic position), 160 
dentition, 155 
integument, 227 
occurrence, 152, 163 
paleoecology, 163 
skeleton, 156-58, 157, 161 
skull, 153-54 
Beipiaosaurus inexpectus 
age, 152 
ankle, 157 
carpus, 157 
diagnosis, 162 
integument, 158-59 
manus, 157 
material, 152 
metacarpals, 157 
occurrence, 151, 152, 160 
pes, 157 
Bellusaurus, 265, 299, 306 
classification (phylogenetic position), 296, 
297, 306 
diagnosis, 306 
juvenile, 321 
material, 306 
occurrence, 306 
Bellusaurus sui 
age, 265 
material, 265 
occurrence, 265 
Betasuchus, material, 78 
Bienosaurus, 336 
Bienosaurus lufengensis 
age, 336 
material, 336 
occurrence, 336 
Bison alticornis, material, 494, 496 
Blikanasaurus, 261 
classification (phylogenetic position), 249, 
249, 297-98 
occurrence, 232 
paleoecology, 254 
skeleton, 292-94 
taphonomy, 254 
Blikanasaurus cromptoni 
age, 261 
material, 261 
occurrence, 261 
Boluochia, 212 
Boluochia zhengi 
age, 212 
material, 212 
occurrence, 212 
Borogovia, 185 
Borogovia gracilicrus 
age, 185 
classification (phylogenetic position), 
193-94 
diagnosis, 192 
material, 185, 192 
metatarsus, 192 
occurrence, 185, 192 
pedal digits, 192, 192 
Bothriospondylus, 307 
Bothriospondylus elongatus, material, 270 
Bothriospondylus madagascariensis, 272 
material, 270 
Bothriospondylus magnus, material, 270 
Bothriospondylus robustus, material, 270 
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Bothriospondylus suffosus, material, 270 
Brachiosaurus, 267, 272 
bone, 656 
classification (phylogenetic position), 297, 
308-9 
dentition, 316 
diagnosis, 308 
forelimb/hindlimb ratio, 319 
growth, 321 
material, 308, 322 
morphology, 317 
neck function and posture, 317-18 
occurrence, 308 
paleobiology, 316-17 
skeleton, 279-80, 282-84, 288, 290, 292, 
317-18 
skull, 273-79 
Brachiosaurus altithorax 
age, 267 
material, 267, 308 
occurrence, 267, 308 
“Brachiosaurus” atalaiensis 
age, 267 
material, 267, 308 
occurrence, 267, 308 
Brachiosaurus brancai 
age, 267 
dentition, 279 
femur, 293 
fibula, 294 
ilium, 291 
ischium, 291 
mandible, 274 
manus, 289 
material, 267, 308 
occurrence, 267, 308 
pelvis, 291 
pubis, 291 
skeleton, 260, 279 
skull, 274, 277 
sternal plate, 288 
tibia, 294 
vertebrae 
caudal cervical, 281 
proximal caudal, 286 
Brachiosaurus fraasi. See Brachiosaurus brancai 
“Brachiosaurus” nougaredi 
age, 267 
material, 267, 308 
occurrence, 267, 308 
Brachyceratops, 495 
Brachyceratops montanensis 
age, 495 
classification (phylogenetic position), 
508 
material, 495 
occurrence, 495 
skeleton, 505-6 
taphonomy, 510 
tarsals, 507 
Brachylophosaurus, 439 
classification (phylogenetic position), 460 
skeleton, 454, 456-57 
skull, 443, 445-46, 446, 447-49 
taphonomy, 610 
taxonomy, 459 
Brachylophosaurus canadensis 
age, 439 
material, 439 
occurrence, 439 
paleoecology, 461 
skeleton, 453 
skull, 446, 452 
Brachylophosaurus goodwini. See 
Brachylophosaurus canadensis 
Brachypododaurus gravis, material, 367 


Brachyrophus. See Camptosaurus 
Brachyrophus altarkansanus. See Camptosaurus 
dispar 
Bradycneme draculae, material, 185 
Breviceratops. See Bagaceratops 
Breviceratops kozlowskii. See Bagaceratops 
rozhdestvenskyi 
Brontosaurus. See Apatosaurus 
Brontosaurus amplus. See Apatosaurus excelsus 
Brontosaurus excelsus. See Apatosaurus excelsus 
Bruhathkayosaurus matleyi, material, 270 
Bugenasaura, 394 
skeleton, 405 
skull, 423 
Bugenasaura infernalis 
age, 394, 410 
classification (phylogenetic position), 410 
material, 394, 410 
occurrence, 394, 410 
skull, 396-98, 399, 400-403 
Byronosaurus, 185 
Byronosaurus jaffei 
age, 185, 192 
braincase, 186 
classification (phylogenetic position), 
193-94, 194 
dentition, 187, 192 
diagnosis, 192 
material, 185, 192 
occurrence, 185, 192 
skeleton, 191 
skull, 186, 187-89 


Caenagnathasia 
mandible, 167 
material, 182 
size, 182 
Caenagnathasia martinsoni 
age, 166 
classification (phylogenetic position), 180 
material, 166 
occurrence, 166 
Caenagnathus. See also Chirostenotes 
classification (phylogenetic position), 
178-80 
Caenagnathus collinsi, 178, 180. See also 
Chirostenotes pergracilis 
Caenagnathus sternbergi, 178. See also 
Chirostenotes elegans 
Calamospondylus foxi, material, 78 
Calamospondylus oweni, 105 
material, 78 
Callovosaurus, material, 417 
Callovosaurus leedsi, 435 
Camarasaurus, 266 
classification (phylogenetic position), 259, 
296, 297, 306-7 
dentition, 316 
diagnosis, 306-7 
feeding habits, 316-17 
forelimb/hindlimb ratio, 319 
historical review, 272 
juvenile, 321 
material, 306 
neck function and posture, 317-18 
occurrence, 306 
paleobiology, 316 
skeleton, 279-80, 282, 284-85, 287-90, 293 
skull, 273-79 
Camarasaurus alenquerensis, 306. See also 
Lourinhasaurus 
Camarasaurus annae. See Camarasaurus lentus 
Camarasaurus grandis 
age, 266 
astragalus, 295 
humerus, 287 


material, 266, 306 

occurrence, 266, 306 

skeleton, 279-80, 289 

ulna, 289 
Camarasaurus lentus 

age, 266 

mandible, 274 

material, 266, 306 

occurrence, 266, 306 

skull, 274, 277 

sternal plate, 288 

vertebrae, caudal cervical, 281 
Camarasaurus leptodirus. See Camarasaurus 

supremus 

Camarasaurus lewisi 

age, 266 

material, 266, 306 

occurrence, 266, 306 
Camarasaurus supremus 

age, 266 

dentition, 279 

material, 266, 306 

occurrence, 266, 306 

vertebrae 

cranial dorsal, 284 
proximal caudal, 286 

Camarosaurus, taphonomy, 360 
Camelotia, 234 

age, 232 


classification (phylogenetic position), 249, 


250 

material, 232, 234, 251 

occurrence, 232, 234, 251 

skeleton, 243-49 
Camelotia borealis 

age, 234, 251 

diagnosis, 251 

material, 234, 251 

occurrence, 234, 251 
Camposaurus, 48 
Camposaurus arizonensis 

age, 48, 69 

classification (phylogenetic position), 69 

diagnosis, 69 

material, 48, 69 

occurrence, 48, 69 

skeleton, 63 


skeleton, 426, 427, 428 

skull, 418, 423 

sternal, 429 
Camptosaurus hoggi 

age, 415 

material, 415 

occurrence, 415 

skull, 423 
Camptosaurus inkeyi. See Zalmoxes robustus 
Camptosaurus leedsi, material, 417 


Camptosaurus medius. See Camptosaurus dispar 


Camptosaurus nanus. See Camptosaurus dispar 
Camptosaurus prestwichii 
age, 415 
material, 415, 435 
occurrence, 415, 435 
Camptosaurus valdensis. See Valdosaurus 
canaliculatus 
Campylodon ameghinoi, material, 270 
Campylodoniscus, material, 270 
Carcharodontosaurus, 75 
classification (phylogenetic position), 
102-4, 108 
dentition, 623 
face-bite wounds, 110 
occurrence, 75, 104, 109 
paleobiology, 110 
paleoecology, 621, 622-23 
skeleton, 92 
skull, 79-81, 116 
Carcharodontosaurus saharicus 
age, 75, 104 
classification (phylogenetic position), 
102-4, 108 
material, 75, 102-4 
occurrence, 75, 102-4 
skeleton, 92 
skull, 80 
Cardiodon, 261 
classification (phylogenetic position), 298 
material, 298 
occurrence, 298 
Cardiodon rugulosus 
age, 261 
material, 261 
occurrence, 261 
Caririchnium, footprints, 343 


material, 212 
occurrence, 212 
Cathetosaurus lewisi. See Camarasaurus lewisi 
Caudipteryx, 166 
classification (phylogenetic position), 178 
dentition, 167 
diagnosis, 181 
diet, 183 
feathers, 181 
gastroliths, 183 
integument, 227, 227 
locomotion, 183 
paleobiology, 226-27 
paleoecology, 183 
size, 183 
skeleton, 175-78, 181, 218, 220 
skull, 165-73, 181 
tail, 165 
Caudipteryx dongi 
age, 166 
material, 166, 181 
occurrence, 166, 181 
Caudipteryx zoui 
age, 166 
classification (phylogenetic position), 179, 
180, 181 
feathers, 172 
mandible, 168 
material, 166, 179, 181 
occurrence, 166, 179, 181 
postcranial features of, 172 
skull, 168, 169-70, 172 
Caudocoelus, material, 78 
Caulodon. See Camarasaurus 
Caulodon diversidens. See Camarasaurus 
supremus 
Caulodon leptoganus. See Camarasaurus 
supremus 
Cedarosaurus, 267, 273 
classification (phylogenetic position), 297, 
308 
diagnosis, 308 
material, 308 
occurrence, 308 
Cedarosaurus weiskopfae 
age, 267 
material, 267 


Camptonotus amplus. See Camptosaurus amplus Carnotaurus, 49 occurrence, 267 


Camptonotus dispar. See Camptosaurus dispar classification (phylogenetic position), 64,66  Cedarpelta 
Camptosaurus, 413, 415 cranial ornamentation, 52, 69 classification (phylogenetic position), 388, 
classification (phylogenetic position), 458 forelimb, 59 390 


paleobiology, 435, 437 
skeleton, 425, 428-32 
skull, 417-18, 421-23 
taphonomy, 360 
taxonomy, 433 
Camptosaurus amplus 
age, 415 
material, 415 
occurrence, 415 
Camptosaurus browni. See also Camptosaurus 
dispar 
skeleton, 428 
?Camptosaurus depressus 
age, 415 
material, 415 
occurrence, 415 
Camptosaurus dispar 
age, 415, 434 
biogeography, 435 
braincase, 422 
diagnosis, 434 
material, 415 
occurrence, 415, 434 
paleobiology, 435 
pelvis, 430 


manus, 69 
paleobiology, 69, 135 
paleoecology, 621, 622 
pectoral girdle, 58 
size, 69 
skeleton, 55-57, 57, 58-61, 59-60 
skull, 51, 52-54 
vertebrae, 55-57, 56, 58 
Carnotaurus sastrei 
age, 49 
classification (phylogenetic position), 64 
cranial ornamentation, 69 
forelimb, 59 
material, 49 
occurrence, 49 
pelvis, 60 
sacrum, 57 
skull, 51, 53 
vertebrae, 56 
Caseosaurus, 26 
Caseosaurus crosbyensis, 26. See also 
Chindesaurus bryansmalli 
Cathayornis, 212 
Cathayornis yandica 
age, 212 


skull, 368-69, 372-74 

taphonomy, 391 
Cedarpelta bilbeyhallorum 

age, 365, 390 

classification (phylogenetic position), 390 

diagnosis, 390 

material, 365, 390 

occurrence, 365, 390 

skull, 369 
Centrosaurus, 495 

biogeography, 642 

classification (phylogenetic position), 491, 

508-9, 509 

horns and frills, 512 

lower jaw, 54 

material, 494 

paleoecology, 626 

pes, 507 

skeleton, 505 

skull, 497-98, 501, 503 
Centrosaurus apertus 

age, 495 

astragalus, 507 

braincase, 501 

calcaneum, 507 
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Centrosaurus apertus (continued ) 
classification (phylogenetic position), 490 
fibula, 507 
hindlimb elements, 507 
humerus, 506 
ilia, 504 
manus, 506 
material, 495 
occurrence, 495 
pes, 507 
radius, 506 
sacrum, 504 
scapulocoracoid, 506 
skeleton, 503, 505 
skull, 498, 503 
taphonomy, 510 
tarsals, 507 
tibia, 507 
ulna, 506 
vertebrae 

cranial dorsal, 504 
dorsal, 504 
mid-dorsal, 504 

Centrosaurus dentisulcatus, lower jaw, 54 

Centrosaurus flexus, pelvis, 504 

Centrosaurus longirostris. See Centrosaurus 

apertus 

Ceratops horridus. See Triceratops horridus 

Ceratopsides goldenensis, footprints, 511 

Ceratops montanus, material, 496 

Ceratosaurus, 49 
braincase, 54 
cranial ornamentation, 52, 69 
dentition, 54, 79 
forelimb, 59 
material, 49, 66 
osteoderms, 66 
paleobiology, 69, 109-10, 133 
paleoecology, 110, 621 
pectoral girdle, 58 
premaxilla, 52 
skeleton, 55-63, 59-62, 66, 84 
skull, 51-53, 54, 69 
vertebrae, 55-57, 56, 58 

?Ceratosaurus dentisulcatus 
age, 49 
material, 49, 66 
occurrence, 49, 66 

?Ceratosaurus magnicornis 
age, 49 
material, 49, 66 
occurrence, 49, 66 

Ceratosaurus nasicornis 
age, 49 
cranial ornamentation, 69 
femur, 61 
forelimb, 59 
material, 49, 66 
occurrence, 49 
ontogeny, 66 
pelvis, 60 
skeleton, 59-61, 62, 63, 66 
skull, 51, 54 
systematics, 64 
tibia and fibula, 62 
vertebrae, 56 

Ceratosaurus roechlingi, 66 
material, 50 

Cetiosauriscus, 265 
classification (phylogenetic position), 

302-3 
diagnosis, 302 
material, 302 
occurrence, 302 
Cetiosauriscus glymptonensis, 302 
Cetiosauriscus longus, 302 
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Cetiosauriscus stewarti 
age, 265 
material, 265, 302 
occurrence, 265, 302 
Cetiosaurus 
classification (phylogenetic position), 259, 
296, 297, 301-2 
diagnosis, 301-2 
historical review, 259-71 
material, 301-2 
neck function and posture, 317-18 
occurrence, 301-2 
paleobiology, 317 
skeleton, 280, 282-83, 285, 290, 317 
skull, 273 
Cetiosaurus brevis, 308. See also Iguanodon 
anglicus 
material, 271 
Cetiosaurus conybearei, 308 
Cetiosaurus giganteus. See Cetiosaurus oxoniensis 
“Cetiosaurus” glymptonensis 
classification (phylogenetic position), 265, 
303 
diagnosis, 303 
material, 265, 303 
occurrence, 265, 303 
“Cetiosaurus” humerocristatus 
classification (phylogenetic position), 267, 
308-9 
material, 267, 308-9 
occurrence, 267, 308-9 
Cetiosaurus leedsi. See Cetiosauriscus stewarti 
Cetiosaurus longus, material, 271 
Cetiosaurus medius, material, 271 
Cetiosaurus mogrebiensis, 301-2, 306. See also 
Atlasaurus imelakei 
material, 271 
Cetiosaurus oxoniensis 
age, 263 
humerus, 287 
material, 260, 263, 301-2 
occurrence, 260, 263, 301-2 
sternal plate, 288 
vertebrae, caudal cervical, 281 
Cetiosaurus rugulosus. See Cardiodon rugulosus 
Chanaresuchus, 16 
ankle, 10 
skull, 13 
Chanaresuchus bonapartei, 11 
Changchengornis, 211 
classification (phylogenetic position), 224, 
224 
occurrence, 211, 221 
Changchengornis hengdaoziensis 
age, 211 
material, 211 
occurrence, 211 
Chaoyangia, 214 
classification (phylogenetic position), 221 
occurrence, 214, 221 
skeleton, 223 
Chaoyangia beishanensis 
age, 214 
material, 214 
occurrence, 214 
Chaoyangsaurus, 480 
age, 478, 480, 490, 493 
classification (phylogenetic position), 490, 
491 
diagnosis, 490 
occurrence, 480, 490, 493 
Chaoyangsaurus youngi 
age, 478, 480 
classification (phylogenetic position), 490 
material, 480 
occurrence, 480 


skull, 485 
Charonosaurus, 441 
Charonosaurus jiayinensis 
age, 441 
material, 441 
occurrence, 441 
Chasmosaurus, 495-96 
classification (phylogenetic position), 
507-9, 509 
material, 494 
posture and locomotion, 511 
skeleton, 505 
skull, 497, 500-502 
Chasmosautrus belli 
age, 495 
classification (phylogenetic position), 507 
femur, 507 
integument, 506 
material, 495 
occurrence, 495 
radius, 506 
skeleton, 503, 505-6 
skull, 499, 500, 502 
taphonomy, 510 
tibia, 507 
Chasmosaurus brevirostris. See Chasmosaurus 
belli 
Chasmosaurus canadensis. See Chasmosaurus 
belli 
Chasmosaurus cancer, vertebrae, dorsal, 504 
Chasmosaurus irvinensis 
age, 496 
classification (phylogenetic position), 507 
material, 496 
occurrence, 496 
skull, 500 
Chasmosaurus kaiseni. See Chasmosaurus belli 
Chasmosaurus mariscalensis 
age, 496 
humerus, 506 
material, 496 
occurrence, 496 
pelvis, 504 
scapulocoracoid, 506 
skull, 502-3 
taphonomy, 510 
ulna, 506 
Chasmosaurus russelli 
age, 496 
classification (phylogenetic position), 507 
material, 496 
occurrence, 496 
skull, 499, 500 
Chassternbergia. See Edmontonia 
Chassternbergia rugosidens. See Edmontonia 
rugosidens 
Cheneosaurus tolmanensis. See Hypacrosaurus 
altispinus 
Chialingosaurus, 344 
classification (phylogenetic position), 
356-57 
osteoderm, 355 
skeleton, 350-55 
skull, 343-50 
Chialingosaurus kuani 
age, 344, 358 
material, 344, 358 
occurrence, 344, 358 
Chiayusaurus asianensis, material, 271 
Chiayusaurus lacustris, material, 271 
Chienkosaurus ceratosauroides, material, 78 
Chilantaisaurus, 73 
classification (phylogenetic position), 99 
“Chilantaisaurus” maortuensis 
age, 113 
material, 113, 133 


occurrence, 113, 133 

skull, 133 
?Chilantaisaurus sibiricus 

age, 73 

material, 73 

occurrence, 73 
Chilantaisaurus tashuikouensis 

age, 73 

material, 73, 99 

occurrence, 73, 99 

skeleton, 89, 92-93 
Chilantaisaurus zheziangensis 

classification (phylogenetic position), 160 

material, 152 
Chindesaurus, 26 

classification (phylogenetic position), 94 

paleoecology, 46 

skeleton 

appendicular, 33-39 
axial, 30-33 

systematics, 42-44 

Chindesaurus bryansmalli, 28. See also 
Caseosaurus crosbyensis 

age, 26 

astragalus, 39 

crus, 38 

femur, 37 

material, 26 

occurrence, 26 

pelvis, 35 

systematics, 43 
?Chingkankousaurus. See Tarbosaurus 
?Chingkankousaurus fragilis. See Tarbosaurus 

bataar 


Chinshakiangosaurus chunghoensis, material, 271 


Chirostenotes, 166 
classification (phylogenetic position), 179 
mandible, 167 
material, 182 
skeleton, 175-78, 182 
skull, 167, 169-73, 182 
Chirostenotes elegans 
age, 166 
material, 166, 180, 182 
occurrence, 166, 180, 182 
Chirostenotes pergracilis. See also Caenagnathus 
collinsi 
age, 166 
braincase, 168 
classification (phylogenetic position), 
179-80, 180, 182 
mandible, 172 
material, 166, 179-80, 182 
occurrence, 166, 179-80, 182 
Chondrosteosaurus gigas, material, 271 
Chuandongocoelurus primitivus, material, 78 
Chuanjiesaurus 
classification (phylogenetic position), 299 
diagnosis, 299 
material, 299 
occurrence, 299 
Chuanjiesaurus anaensis 
age, 261 
material, 261 
occurrence, 261 
Chubutisaurus, 268 
classification (phylogenetic position), 310 
material, 310 
occurrence, 310 
Chubutisaurus insignis 
age, 268 
material, 268 
occurrence, 268 
Chungkingosaurus, 344 
classification (phylogenetic position), 
356-58 


cranial anatomy, 361 
material, 343 
occurrence, 343 
osteoderm, 355 
sacrum, 351 
skeleton, 350-55, 360 
skull, 343-50, 348 
taxonomy, 357-58 
Chungkingosaurus jiangbeiensis 
age, 344, 359 
diagnosis, 359 
dimorphism, 360 
material, 344, 359 
occurrence, 344, 359 
Cionodon arctatus, material, 442 
Cionodon kysylkumensis, material, 442 
Cionodon stenopsis, material, 442 
Citipati, 165, 167 
material, 182 
skeleton, 178, 182 
skull, 168, 168, 170, 182 
Citipati osmolskae 
age, 167 
classification (phylogenetic position), 179, 
180, 181 
material, 167, 179 
occurrence, 167, 179 
skull, 168 
Claorhynchus trihedrus, material, 442 
Claosaurus, 439 
dentition, 452 
skeleton, 457 
Claosaurus affinis, material, 442 
Claosaurus agilis 
age, 439 
material, 439, 460 
occurrence, 439, 460 
paleoecology, 461 
Claosaurus annectens. See Edmontosaurus 
annectens 
Clasmodosaurus spatula, material, 271 
Clevosaurus, 255 
Coelophysis, 17, 48. See also Rioarribasaurus 
braincase, 54 
classification (phylogenetic position), 94, 
249 
cranial ornamentation, 52 
dentition, 54-55 
palate, 53 
paleobiology, 69-70 
paleoecology, 621, 623-24, 626 
skeleton, 55-58, 59-60, 60, 63, 87, 218 
skull, 51, 52, 53 
taphonomy, 611, 613 
vertebrae, 55, 57 
Coelophysis bauri. See also Rioarribasaurus 
colberti 
age, 47, 48, 68 
classification (phylogenetic position), 68 
dentition, 55 
forelimb, 59 
material, 48, 69 
occurrence, 47, 48, 68 
pelvis, 60 
skeleton, 55, 60, 63 
skull, 52 
Coelophysis holyokensis, 68 
Coelosaurus affinis, material, 139 
Coelosaurus antiquus, material, 139 
Coeluroides largus, material, 50 
Coelurus, 76 
classification (phylogenetic position), 107-8 
paleobiology, 110 
skeleton, 89-90 
Coelurus agilis. See also Coelurus fragilis 
skeleton, 90 


Coelurus fragilis 
age, 76, 107 
classification (phylogenetic position), 107-8 
material, 76, 107 
occurrence, 76, 107 
Coelurus gracilis, material, 78 
Coelurus longicollis, material, 50 
Colepiocephale. See Stegoceras 
Colepiocephale lambei. See Stegoceras validum 
Colonosaurus. See Ichthyornis 
Colonosaurus mudgei. See Ichthyornis dispar 
Coloradia. See Coloradisaurus 
Coloradia brevis. See Coloradisaurus brevis 
Coloradisaurus, 234 
braincase, 241 
classification (phylogenetic position), 249, 
249, 250 
dentition, 242 
occurrence, 232, 234, 252 
paleobiology, 254-58 
paleoecology, 254 
skull, 237-43, 239, 241 
taphonomy, 254 
Coloradisaurus brevis 
age, 234, 252 
diagnosis, 252 
material, 234 
occurrence, 234, 252 
Compsognathus, 76, 220-21 
classification (phylogenetic position), 104-5 
gut contents, 109 
paleobiology, 226 
paleoecology, 621, 623 
size, 71 
skeleton, 84, 85, 88 
skull, 79-80 
Compsognathus corallestris. See Compsognathus 
longipes 
Compsognathus longipes 
age, 76, 105 
classification (phylogenetic position), 
104-5 
material, 76, 105 
occurrence, 76, 105 
skeleton, 85, 88 
Conchoraptor, 167 
diagnosis, 182 
paleoecology, 623 
skeleton, 173-74, 177-78, 182 
skull, 168, 169-73, 182 
Conchoraptor gracilis 
age, 167 
classification (phylogenetic position), 179, 
180, 181 
manus, 177 
material, 167 
metacarpals, 177 
metatarsus, 177 
occurrence, 167 
skull, 168 
Concornis, 212 
classification (phylogenetic position), 224 
Concornis lacustris 
age, 212 
material, 212 
occurrence, 212 
Confuciusornis 
biogeography, 225 
classification (phylogenetic position), 
223-24, 224 
diagnosis, 224 
feathers, 227 
occurrence, 212, 221, 223-24 
paleobiology, 226 
skeleton, 218, 220, 221 
skull, 221 
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Confuciusornis chuonzhous. See Confuciusornis 
sanctus 
Confuciusornis dui 
age, 212 
material, 212 
occurrence, 212 
Confuciusornis hengdaoziensis, 223-24 
Confuciusornis sanctus 
age, 212 
material, 212, 223-24 
occurrence, 212, 223-24 
Confuciusornis suniae. See Confuciusornis 
sanctus 
Coniornis, 215 
Coniornis altus 
age, 215 
material, 215 
occurrence, 215 
Corythosaurus, 441 
biogeography, 642 
classification (phylogenetic position), 459 
paleoecology, 620 
skeleton, 456 
skull, 450 
taphonomy, 610 
taxonomy, 459 
Corythosaurus bicristatus. See Corythosaurus 
casuarius 
Corythosaurus brevicristatus. See Corythosaurus 
casuarius 
Corythosaurus casuarius 
age, 441 
femur, 455 
material, 441 
occurrence, 441 
pelvis, 456 
postcranial skeleton, 455 
skull, 444, 450, 452, 455 
Corythosaurus excavatus. See Corythosaurus 
casuarius 
Corythosaurus frontalis. See Lambeosaurus 
lambei 
Corythosaurus intermedius. See Corythosaurus 
casuarius 
Craspedodon, 415 
Craspedodon lonzeensis 
age, 415 
material, 415, 435 
occurrence, 415, 435 
Crataeomus. See Struthiosaurus 
Crataeomus lepidophorus. See Struthiosaurus 
austriacus 
Crataeomus pawlowitschii. See also 
Struthiosaurus austriacus 
material, 367 
Craterosaurus, 344 
age, 343 
classification (phylogenetic position), 356 
occurrence, 343 
Craterosaurus pottonensis 
age, 344 
material, 344, 359 
occurrence, 344, 359 
Creosaurus potens, material, 78 
Crichtonsaurus, 366 
Crichtonsaurus bohlini 
age, 366 
material, 366, 391 
occurrence, 366 
Cristatusaurus, 73 
Cristatusaurus lapparenti 
age, 73, 98 
classification (phylogenetic position), 98 
material, 73, 98 
occurrence, 73, 98 
Crocodylus johnstoni, bone, 656, 658 
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Crocodylus niloticus, diet, 110 
Crocodylus porosus, bone, 658 
Cryolophosaurus, 74 
age, 74, 78, 101 
display structures, 110 
occurrence, 74, 78, 101, 109 
Cryolophosaurus ellioti 
age, 74, 101 
classification (phylogenetic position), 101 
material, 74, 101 
occurrence, 74, 101 
skull, 80 
Cryptodraco. See also Cryptosaurus eumerus 
material, 367 
Cryptosaurus eumerus. See also Cryptodraco 
material, 367 
Cumnoria. See Camptosaurus 


Dacentrurus, 344 
classification (phylogenetic position), 
356-57 
egg, 360 
growth, 360 
occurrence, 343 
sacrum, 351 
skeleton, 346, 350-55 
taxonomy, 357-58 
Dacentrurus armatus 
age, 344, 358 
classification (phylogenetic position), 358 
diagnosis, 358 
dimorphism, 360 
material, 344, 358 
occurrence, 344, 358 
Dandakosaurus indicus, material, 78 
Danubiosaurus. See Struthiosaurus 
Danubiosaurus anceps. See also Struthiosaurus 
austriacus 
material, 367 
Daspletosaurus, 112 
classification (phylogenetic position), 
130-31 
dentition, 120 
diagnosis, 131 
paleobiology, 134, 136 
skeleton, 119, 122-24 
skull, 115-18 
unnamed species, 112 
Daspletosaurus torosus 
age, 112 
classification (phylogenetic position), 127, 
131 
diagnosis, 131 
material, 111, 112, 131 
occurrence, 112, 131 
size, 111 
skull, 111, 115, 118, 131 
Datousaurus, 261, 272 
classification (phylogenetic position), 298 
dentition, 298 
material, 298 
occurrence, 298 
skull, 273 
Datousaurus bashanensis 
age, 261 
material, 261 
occurrence, 261 
Deinocheirus, 138, 161 
Deinocheirus mirificus 
age, 138 
material, 138, 146 
occurrence, 138, 146 
?Deinodon. See Gorgosaurus 
Deinodon horridus, material, 114 
?Deinodon horridus. See Gorgosaurus libratus 
Deinodon novojilovi. See Tarbosaurus bataar 


Deinonychus, 198 
classification (phylogenetic position), 
206-7, 207 
mandible, 201 
paleoecology, 208-9, 621, 622-23 
skeleton, 196, 197, 201-6, 203, 205, 218-19 
skull, 197, 200, 200, 201 
taphonomy, 612 
Deinonychus antirrhopus 
age, 198 
caudal vertebrae, 203, 207 
chevron, 203 
classification (phylogenetic position), 22, 
24, 206-7, 207 
diagnosis, 207 
manus, 205 
material, 198, 207 
occurrence, 198 
pes, 205 
skeleton, 192, 196, 197 
skull, 197, 200 
Deinosuchus, growth rate, 666 
Deltadromeus, 76 
paleobiology, 110 
Deltadromeus agilis 
age, 76, 108 
classification (phylogenetic position), 108 
material, 76, 108 
occurrence, 76, 108 
Denversaurus. See Edmontonia 
Denversaurus schlessmani. See Edmontonia 
longiceps 
Dianchungosaurus lufengensis, material, 396 
Diceratops, 496 
classification (phylogenetic position), 
508-9, 509 
material, 494 
skull, 502 
Diceratops hatcheri 
age, 496 
material, 496 
occurrence, 496 
Diclonius calamarius, material, 442 
Diclonius pentagonus, material, 442 
Diclonius perangulatus, material, 442 
Dicraeosaurus, 264, 272 
bone, 656 
classification (phylogenetic position), 297, 
304 
diagnosis, 304 
forelimb/hindlimb ratio, 319 
material, 304 
occurrence, 304 
skeleton, 279-82 
skull, 273, 276 
vertebrae, cervical, 317 
Dicraeosaurus hansemanni 
age, 264 
dentition, 279 
femur, 293 
mandible, 274 
material, 264, 304 
occurrence, 264, 304 
pelvis, 291 
skull, 274 
vertebrae 
caudal cervical, 281 
cranial dorsal, 284 
proximal caudal, 286 
Dicraeosaurus sattleri 
age, 264 
ischium, 291 
material, 264, 304 
occurrence, 264, 304 
pubis, 291 
Didanodon. See Lambeosaurus 


Dilophosaurus, 48 
braincase, 54 
classification (phylogenetic position), 249 
cranial ornamentation, 52, 69 
dentition, 54 
paleobiology, 69-70 
paleoecology, 621 
size, 50 
skeleton, 55, 58, 58-59, 61-63, 63 
skull, 52, 52-53, 69 
vertebrae, 55, 56, 57 
Dilophosaurus sinensis, 67 
Dilophosaurus wetherilli 
age, 48 
classification (phylogenetic position), 67 
cranial ornamentation, 69 
dentition, 54 
diagnosis, 67 
forelimb, 59 
material, 48, 69-70 
occurrence, 48, 67 
paleobiology, 69-70 
pectoral girdle, 58 
pes, 63 
skeleton, 58, 63 
skull, 52, 52, 53 
vertebrae, 55, 56 
Dimetrodon, 436 
Dimodosaurus poligniensis, material, 236 
Dinheirosaurus, 265 
classification (phylogenetic position), 303 
diagnosis, 303 
material, 303 
occurrence, 303 
Dinheirosaurus lourinhanensis 
age, 265 
material, 265 
occurrence, 265 
Dinodocus mackesoni, material, 271, 308 
Diplodocus, 264 
classification (phylogenetic position), 297, 
302, 305 
dentition, 316 
diagnosis, 305 
feeding habits, 316-17 
historical review, 272 
material, 305 
neck function and posture, 317-18 
occurrence, 305 
paleobiology, 316 
skeleton, 279-86, 288 
skull, 273-79 
vertebrae, cervical, 317, 618 
Diplodocus carnegii 
age, 264 
material, 264, 305 
occurrence, 264, 305 
skeleton, 281, 284, 286, 288, 288 
sternal plate, 288 
vertebrae 
caudal cervical, 281 
cranial dorsal, 284 
proximal caudal, 286 
Diplodocus hayi 
age, 264 
material, 264, 305 
occurrence, 264, 305 
Diplodocus lacustris 
age, 264 
material, 264, 305 
occurrence, 264, 305 
Diplodocus longus 
age, 264 
classification (phylogenetic position), 305 
dentition, 279 
mandible, 274 


material, 264, 305 
occurrence, 264, 305 
skull, 274 
Diplotomodon, material, 114 
Diracodon. See Stegosaurus 
Diracodon laticeps. See also Stegosaurus 
Stenops 


classification (phylogenetic position), 359 


occurrence, 359 
Dolichosuchus cristatus, material, 5O 
Doryphorosaurus. See Kentrosaurus 
Draconyx, 413, 415 
Draconyx loureiroi 

age, 415 

material, 415, 435 

occurrence, 415, 435 
Dracopelta, 366 
Dracopelta zbyszewskii 

age, 366 

material, 366, 391 

occurrence, 366, 391 
Dravidosaurus, 344 

age, 343 


classification (phylogenetic position), 343, 


356 
material, 343 
occurrence, 343 
osteoderm, 355 
skeleton, 350-55 
skull, 343-50, 348 
Dravidosaurus blanfordi 
age, 344 
material, 344, 359-60 
occurrence, 344, 359-60 
Drinker, 394 
Drinker nisti 
age, 394, 410 
dentition, 403, 410 
diagnosis, 410 
material, 394 
occurrence, 394, 410 
skull, 396-97, 402-3 
Dromaeosaurus, 198 
mandible, 201 
paleoecology, 208-9 
skull, 197, 200, 200 
Dromaeosaurus albertensis 
age, 196, 198 
classification (phylogenetic position), 24, 
206-7, 207 
dentition, 207 
diagnosis, 207 
material, 196, 198, 207 
occurrence, 196, 198 
skull, 197, 200 
Dromiceiomimus, 137. See also Ornithomimus 
classification (phylogenetic position), 
146-48 
Dromicosaurus gracilis, material, 236 
Dryosaurus, 413, 414 
biogeography, 435 
bone, 655-56, 658 
size, 413 
skeleton, 425-26, 428-29, 432 
skull, 327, 413, 417-18, 421-23, 446 
taxonomy, 433 
Dryosaurus altus 
age, 414, 434 
diagnosis, 434 
material, 414 
occurrence, 414, 434 
pelvis, 430 
skeleton, 426 
skull, 413 


Dryosaurus canaliculatus. See Valdosaurus 


canaliculatus 


Dryosaurus lettowvorbecki 
age, 414, 434 
bone, 657 
dentition, 425 
diagnosis, 434 
femur, 431 
material, 414 
occurrence, 414, 434 
skull, 417-18, 418, 420 
Dryptosauroides grandis, material, 50 
Dryptosaurus, 112 
biogeography, 630 
classification (phylogenetic position), 114 
paleobiology, 135 
skeleton, 119, 123-24 
skull, 115, 119 
Dryptosaurus aquilunguis 
age, 112 
classification (phylogenetic position), 111, 
128 
material, 112, 128 
occurrence, 112 
skeleton, 129 
?Dryptosaurus kenabekides. See Gorgosaurus 
libratus 
Dynamosaurus. See Tyrannosaurus 
Dynamosaurus imperiosus. See Tyrannosaurus rex 
Dyoplosaurus. See Euoplocephalus 
Dyoplosaurus acutosquameus. See 
Euoplocephalus tutus 
Dyoplosaurus giganteus. See Tarchia gigantea 
Dysalotosaurus. See Dryosaurus 
Dysalotosaurus lettowvorbecki. See Dryosaurus 
lettowvorbecki 
Dysganus, 494 
Dysganus bicarinatus, material, 496 
Dysganus encaustus, material, 442, 496 
Dysganus haydenianus, material, 496 
Dysganus peiganus, material, 496 
Dyslocosaurus, 265 
classification (phylogenetic position), 305 
diagnosis, 305 
material, 305 
occurrence, 305 
Dyslocosaurus polyonychius 
age, 265 
material, 265 
occurrence, 265 
Dystrophaeus, 261 
classification (phylogenetic position), 299 
material, 299 
occurrence, 299 
Dystrophaeus viaemalae 
age, 261 
material, 261 
occurrence, 261 
Dystylosaurus, 267 
classification (phylogenetic position), 309 
diagnosis, 309 
material, 309 
occurrence, 309 
Dystylosaurus edwini 
age, 267 
material, 267 
occurrence, 267 


Echinodon, 394 
classification (phylogenetic position), 332, 
342 
Echinodon becklesii 
age, 394 
classification (phylogenetic position), 342 
material, 394 
occurrence, 394 
Edmarka. See also Torvosaurus 
paleobiology, 110 
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Edmarka rex, 96. See also Torvosaurus tanneri 
Edmontonia, 365 
age, 390 
classification (phylogenetic position), 390 
diagnosis, 390 
skeleton, 379-87 
skull, 368, 370, 374-79 
unnamed species, 366 
Edmontonia australis, material, 367 
Edmontonia longiceps 
age, 365 
classification (phylogenetic position), 388 
material, 365, 390 
occurrence, 365, 390 
Edmontonia rugosidens. See also Panoplosaurus 
mirus 
age, 366 
classification (phylogenetic position), 388 
dentition, 379 
ischium, 381 
material, 366, 390 
nasal cavity, 372 
occurrence, 366, 390 
skeleton, 380, 385 
Edmontosaurus, 439 
biogeography, 642 
classification (phylogenetic position), 460 
paleoecology, 620, 622 
skeleton, 453 
skull, 443-48, 448, 450-51 
taxonomy, 433, 459 
vocal function, 463 
Edmontosaurus annectens 
age, 440 
diet, 462 
femur, 455 
material, 440 
occurrence, 440 
skull, 448 
tooth-marked bone, 135 
Edmontosaurus regalis 
age, 440 
material, 440 
occurrence, 440 
paleoecology, 461 
size, 462 
skull, 448, 452 
Edmontosaurus saskatchewanensis 
age, 440 
material, 440 
occurrence, 440 
skull, 448 
Efraasia. See Sellosaurus 
Einiosaurus, 495 
biogeography, 642 
classification (phylogenetic position), 
508-9, 509 
skull, 497, 500 
Einosaurus procurvicornis 
age, 495 
material, 494, 495 
occurrence, 494, 495 
skull, 498 
taphonomy, 510 
Elaphrosaurus, 49 
classification (phylogenetic position), 148 
paleobiology, 110, 135 
skeleton, 55, 56, 57-63, 60, 62, 66, 125 
systematics, 42 
vertebrae, 55-57 
Elaphrosaurus bambergi 
age, 49 
classification (phylogenetic position), 66, 
146 
material, 49 
occurrence, 49 
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pelvis, 60 
tibia, 62 
vertebrae, 55, 56 
Elaphrosaurus gautieri, material, 139 
Elaphrosaurus iguidiensis, material, 139 
Elmisaurus, 167 
Elmisaurus rarus 
age, 167 
material, 167, 180 
occurrence, 167, 180 
Elopteryx nopcsai, material, 185 
Elosaurus. See Apatosaurus 
Elosaurus parvus. See Apatosaurus excelsus 
Emausaurus, 336 
anatomy, 335-39, 342 
armor, 341 
classification (phylogenetic position), 
341-42 
paleoecology, 342 
skeleton, 339 
skull, 335-39, 337 
stance, 342 
systematics, 41 
Emausaurus ernsti 
age, 336, 342 
classification (phylogenetic position), 341, 
342 
dentition, 338 
jaw, 337 
material, 336, 342 
occurrence, 336, 342 
skull, 337 
Embasaurus minax, material, 78 
Enaliornis, 215 
Enaliornis barretti 
age, 215 
material, 215 
occurrence, 215 
Enaliornis sedgwicki 
age, 215 
material, 215 
occurrence, 215 
Enantiornis, 213 
Enantiornis leali 
age, 213 
material, 212 
occurrence, 212 
Enantiornis martini 
age, 213 
material, 213 
occurrence, 213 
Enantiornis walkeri 
age, 213 
material, 213 
occurrence, 213 
Enigmosaurus, 152, 159-60, 162 
age, 152, 163 
classification (phylogenetic position), 159, 
160 
skeleton, 157, 158 
Enigmosaurus mongoliensis 
age, 152 
diagnosis, 162 
material, 152 
occurrence, 152, 163 
pelvis, 158 
Eoalulavis, 212 
classification (phylogenetic position), 221, 
224 
Eoalulavis hoyasi 
age, 212 
material, 212 
occurrence, 212 
?Eobrontosaurus. See also Camarasaurus 
classification (phylogenetic position), 307 
diagnosis, 307 


material, 307 
skeleton, 283 
?Eobrontosaurus yahnahpin 
age, 307 
material, 307 
occurrence, 307 
Eocathayornis, 212 
Eocathayornis walkeri 
age, 212 
material, 212 
occurrence, 212 
Eoceratops. See Chasmosaurus 
Eoceratops canadensis. See Chasmosaurus belli 
Eoenantiornis, 213 
Eoenantiornis buhleri 
age, 213 
material, 213 
occurrence, 213 
Eolambia, 413, 415 
paleobiology, 435, 437 
skeleton, 429 
skull, 413, 417-18, 423-25 
taxonomy, 433, 459 
Eolambia caroljonesa 
age, 415, 458 
classification (phylogenetic position), 458 
material, 415 
occurrence, 415, 458 
skull, 419 
Eoraptor, 17-18, 24, 26 
classification (phylogenetic position), 249 
dentition, 30, 45 
diet, 45 
forelimb, 45 
mandible, 28, 30 
paleoecology, 46 
size, 46 
skeleton 
appendicular, 33-39 
axial, 30-33 
skull, 28 
systematics, 40-44 
Eoraptor lunensis 
age, 26 
body silhouette, 27 
dentition, 29 
mandible, 29 
material, 26, 28 
occurrence, 25, 26 
skull, 29 
systematics, 40 
Eotyrannus, 112 
age, 128 
biogeography, 149, 631 
classification (phylogenetic position), 114, 
128-29 
diagnosis, 128 
material, 128 
occurrence, 128-29 
paleobiology, 110, 133-35 
skeleton, 119, 121-24 
skull, 115-16, 118-19 
Eotyrannus lengi 
age, 112 
classification (phylogenetic position), 111, 
129 
humerus, 123 
material, 112, 129 
occurrence, 112, 129 
skeleton, 120, 129 
skull, 129 
Epachthosaurus, 268 
classification (phylogenetic position), 310 
diagnosis, 310 
material, 310 
occurrence, 310 


Epachthosaurus sciuttoi 
age, 268 
material, 268 
occurrence, 268 
Epidendrosaurus, 216 
Epidendrosaurus ningchenensis 
age, 216 
material, 216 
occurrence, 216 
Equijubus, 415 
classification (phylogenetic position), 432 
skull, 425 
taxonomy, 433 
Equijubus normani 
age, 415, 434 
classification (phylogenetic position), 434 
material, 415, 434 
occurrence, 415, 434 
Erectopus, 73, 99 
Erectopus sauvagei 
age, 73, 99 
classification (phylogenetic position), 99 
material, 73, 99 
occurrence, 73, 99 
Erectopus superbus. See also Megalosaurus 
superbus 
age, 73 
material, 73 
occurrence, 73 
Erliansaurus, 152 
skeleton, 156-57, 163 
Erliansaurus bellamanus 
age, 152 
diagnosis, 163 
material, 152, 160 
occurrence, 152, 160 
skeleton, 163 
Erlikosaurus, 152, 159-60 
age, 152, 163 
anatomy, 161 
classification (phylogenetic position), 160, 
162 
dentition, 154-55 
paleoecology, 163 
skeleton, 156, 158, 159, 161 
skull, 151, 153, 153-56, 154 
Erlikosaurus andrewsi 
age, 152 
braincase, 154 
classification (phylogenetic position), 160 
diagnosis, 162 
mandible, 153 
material, 152 
occurrence, 152 
pes, 159 
skull, 153, 153-56 
Eryops, anatomy, 651 
Erythrosuchus, 13, 16 
skull, 13 
Erythrosuchus africanus, 11 
Eshanosaurus, 152 
age, 78, 151, 152, 163 
classification (phylogenetic position), 111, 
151, 153, 160, 161-62 
dentition, 155-56 
occurrence, 78, 151, 152, 163 
paleoecology, 163 
skull, 154-56, 155 
Eshanosaurus deguchiianus, 160 
age, 151, 152 
anatomy, 161 
classification (phylogenetic position), 151, 
161-62 
dentary, 155 
diagnosis, 161 
material, 152 


occurrence, 151, 152 
Eucamerotus, classification (phylogenetic 
position), 307-8 
Eucamerotus foxi, material, 271 
Eucentrosaurus. See Centrosaurus 
Eucercosaurus tanyspondylus, material, 367 
Eucnemesaurus fortis, material, 236 
Eucoelphysis baldwini, material, 50 
Eudimorphodon, 13, 17 
Euelopus, 272 
Euhelopus, 262 
classification (phylogenetic position), 296, 
297, 300, 309 
diagnosis, 300 
material, 300 
occurrence, 300 
skeleton, 279-80, 288, 300 
skull, 273, 276, 278 
Euhelopus zdanskyi 
age, 262 
dentition, 279 
mandible, 274 
material, 262 
occurrence, 262 
skull, 274 
vertebrae 
caudal cervical, 281 
cranial dorsal, 284 
Euoplocephalus, 365 
behavior, 392 
classification (phylogenetic position), 388 
dentition, 392 
osteoderms, 387 
paleoecology, 392 
skeleton, 379-87 
skull, 369-71, 373, 375, 377-79 
Euoplocephalus tutus 
age, 365, 389 
classification (phylogenetic position), 
389-90 
coracoid, 384 
dentition, 379 
diagnosis, 390 
humerus, 385 
mandible, 370 
material, 365, 389 
nasal cavity, 372 
occurrence, 365 
palate, 370 
pelvis, 381 
scapula, 384 
skull, 370 
occipital/basicranial region, 370 
sternal elements, 384 
synsacrum, 381 
tail club, 382 
tibia, 386 
vertebrae, 380 
distal caudal, 382 
Euparkeria, 10-11, 13-14 
skull, 13 
Euparkeria capensis, 11 
Euronychodon, 199 
Euronychodon asiaticus 
age, 199 
material, 185, 199 
occurrence, 199 
Euronychodon portucalensis 
age, 199 
material, 185, 199 
occurrence, 199 
Euskelosaurus, 234 
classification (phylogenetic position), 249, 
250, 253 
occurrence, 232, 234, 253 
paleoecology, 254 


skeleton, 243-49 
taphonomy, 254 
Euskelosaurus africanus, material, 236 
Euskelosaurus browni 
age, 234, 253 
classification (phylogenetic position), 253 
diagnosis, 253 
material, 234 
occurrence, 234, 253 
Eustreptospondylus, 72 
classification (phylogenetic position), 95-97 
occurrence, 109 
skeleton, 84, 92 
skull, 79 
Eustreptospondylus divesenis. See Piveteausaurus 
divesensis 
Eustreptospondylus oxoniensis 
age, 72, 97 
classification (phylogenetic position), 97 
material, 72, 96-97 
occurrence, 72, 96 


Fabrosaurus, classification (phylogenetic 
position), 325, 332-33 
Fabrosaurus australis 
classification (phylogenetic position), 333 
material, 326, 333 
skull, 328 
Fasolasuchus, 14 
Fasolasuchus tenax, 11 
Frenguellisaurus ischigualastensis. See 
Herrerasaurus ischigualastensis 
Fukuiraptor, 74 
classification (phylogenetic position), 101 
Fukuiraptor kitadaniensis 
age, 74, 101 
classification (phylogenetic position), 101 
femur, 92 
humerus, 88 
material, 74, 101 
occurrence, 74, 101 
Fukuisaurus, 415 
Fukuisaurus tetoriensis 
age, 415 
material, 475 
occurrence, 415 
Fulengia youngi, material, 236 
Fulgurotherium, 394 
Fulgurotherium australe 
age, 394, 410 
classification (phylogenetic position), 
410-11 
material, 394, 410 
occurrence, 394, 410 
skeleton, 407 


Gallimimus, 138 
classification (phylogenetic position), 94, 
147-48, 148 
feeding habits, 149-50 
paleobiology, 149-50 
skeleton, 142-45, 144-45 
skull, 139-41, 141, 142 
Gallimimus bullatus 
age, 138, 147 
classification (phylogenetic position), 147, 
148 
femur, 145 
fibula, 145 
humerus, 144 
manus, 144 
material, 137, 138, 147 
occurrence, 137, 138, 147 
paleobiology, 149 
pelvis, 145 
pes, 145 
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Gallimimus bullatus (continued ) 
radius, 144 
scapulocoracoid, 144 
skull, 141, 141 
tarsals, 145 
tibia, 145 
ulna, 144 
Galtonia gibbidens, 333 
material, 326 
Gansus, 214 
Gansus yumenensis 
age, 214 
material, 214 
occurrence, 214 
Gargantuavis, 214 
paleoecology, 624 
Gargantuavis philoinos 
age, 214 
material, 214 
occurrence, 214 
Gargoyleosaurus, 364 
classification (phylogenetic position), 388, 
388 
diagnosis, 388 
skull, 368, 370, 375-76, 378-79 
Gargoyleosaurus parkpinorum 
age, 364, 388 
material, 364 
occurrence, 364, 388 
size, 388 
Garjania, 16 
Garudimimus, 138 
biogeography, 148 
classification (phylogenetic position), 137, 
147-48 
skeleton, 142-45 
skull, 139-41, 141, 142 
Garudimimus brevipes 
age, 138, 147 
classification (phylogenetic position), 147, 
148 
material, 138, 147 
occurrence, 138, 147, 163 
skull, 141 
Gasosaurus, 77 
Gasosaurus constructus 
age, 77, 108 
classification (phylogenetic position), 108-9 
material, 77, 108 
occurrence, 77, 108 
Gasparinisaura, 395, 413 
biogeography, 411 
classification (phylogenetic position), 432 
Gasparinisaura cincosaltensis 
age, 395 
classification (phylogenetic position), 409, 
410, 432 
material, 395 
occurrence, 395 
skeleton, 403-5, 407-8 
skull, 396-403, 399 
Gastonia, 364 
classification (phylogenetic position), 388 
osteoderms, 387 
skull, 375 
taphonomy, 391 
Gastonia burgei 
age, 364, 388 
classification (phylogenetic position), 388 
diagnosis, 388 
material, 364 
occurrence, 364, 388 
Genusaurus, 49 
classification (phylogenetic position), 67 
Genusaurus sisteronis 
age, 49 
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classification (phylogenetic position), 67 
material, 49, 67 
occurrence, 49, 67 
paleobiology, 69 
Genyodectes serus, material, 50 
Geranosaurus atavus, material, 396 
Giganotosaurus, 75 
dentition, 623 
occurrence, 75, 104, 109 
paleoecology, 621, 623 
size, 71 
skeleton, 84, 90 
skull, 79-81, 82, 116 
Giganotosaurus carolinii 
age, 75, 104 
classification (phylogenetic position), 104 
material, 75, 104 
occurrence, 75, 104 
skeleton, 90 
skull, 82 
Gigantosaurus, 305. See also Barosaurus 
Gigantosaurus africanus, 305. See also Tornieria 
africanus 
Gigantosaurus dixeyi, 312. See also Malawisaurus 
dixeyi 
Gigantosaurus megalonyx, material, 271 
Gigantosaurus robustus, 305. See also Janenschia 
robusta 
Gigantoscelus molengraaffi, material, 236 
Gilmoreosaurus, 439 
classification (phylogenetic position), 457 
Gilmoreosaurus mongoliensis 
age, 439 
material, 439, 460 
occurrence, 439, 460 
skull, 444 
Giraffotitan. See Brachiosaurus 
Giraffotitan altithorax. See Brachiosaurus 
altithorax 
Glyptodontopelta mimus, material, 367 
Gobipteryx, 213, 221 
classification (phylogenetic position), 224 
Gobipteryx minuta 
age, 213 
material, 213 
occurrence, 213 
Gobisaurus, 364 
classification (phylogenetic position), 388, 
388-89 
diagnosis, 388-89 
skull, 369, 375 
Gobisaurus domoculus 
age, 364 
material, 364, 388 
occurrence, 364, 388 
skull, 371 
occipital/basicranial region, 375 
Gojirasaurus, 48 
skeleton, 58, 61 
Gojirasaurus quayi 
age, 48, 68 
classification (phylogenetic position), 68-69 
material, 48, 68-69 
occurrence, 48, 68-69 
size, 68 
Gondwanatitan, 269 
classification (phylogenetic position), 297, 
312 
diagnosis, 312 
material, 312 
occurrence, 312 
Gondwanatitan faustoi 
age, 269 
material, 269 
occurrence, 269 
Gongbusaurus shiyii, material, 326 


“Gongbusaurus” wucaiwanensis 
age, 395 
material, 395 
occurrence, 395 
skeleton, 407-8 
skull, 396, 401, 403 
Gongxianosaurus, 243, 261 
age, 261, 298 
classification (phylogenetic position), 298 
material, 261, 298 
occurrence, 261, 298 
Gongxianosaurus shibeiensis 
age, 261 
material, 261 
occurrence, 261 
Gorgosaurus, 112 
diagnosis, 130 
paleobiology, 134 
skeleton, 119, 121-24 
skull, 115-18 
Gorgosaurus lancensis, 132. See also 
Nanotyrannus lancensis; Tyrannosaurus 
rex 
Gorgosaurus lancinator. See Tarbosaurus bataar 
Gorgosaurus libratus 
age, 112, 130 
caudal vertebrae, 122 
classification (phylogenetic position), 127, 
130-31 
diagnosis, 130-31 
haemal arches, 122 
manus, 124 
material, 111, 112, 130 
metatarsus, 126 
occurrence, 112, 130 
pes, 126 
size, 111 
skull, 115, 115-16 
Gorgosaurus novojilovi. See Tarbosaurus bataar 
Gorgosaurus sternbergi. See Gorgosaurus libratus 
Goyocephale, 465 
age, 465, 475 
occurrence, 465, 475 
taxonomy, 474, 474 
Goyocephale lattimorei 
age, 465 
dentition, 468 
humerus, 472 
ilium, 472 
material, 464, 465 
occurrence, 465 
skeleton, 464, 471-73, 472 
skull, 468, 470-71 
Graciliceratops, 480 
anatomy, 488, 488-89 
vertebrae, 488 
Graciliceratops mongoliensis 
age, 480 
classification (phylogenetic position), 491 
diagnosis, 491 
material, 480 
occurrence, 480 
pes, 488 
Gracilisuchus, 11, 14 
Gracilisuchus stipanicorum, 11 
Graculavus agilis. See Ichthyornis dispar 
Graculavus anceps. See Ichthyornis dispar 
Graculavus lentus, 216 
Gravisaurus. See Lurdusaurus 
Gravisaurus tenerensis. See Lurdusaurus arenatus 
Gravitholus, 465 
classification (phylogenetic position), 
474-75 
occurrence, 465, 475 
Gravitholus albertae 
age, 465 


material, 465 
occurrence, 465 
skull, 470 
Gresslyosaurus ingens, material, 236 
Gresslyosaurus robustus, material, 236 
Gresslyosaurus torgeri, material, 236 
Griphornis longicaudatus. See Archaeopteryx 
lithographica 
Griphosaurus. See Archaeopteryx 
Griphosaurus longicaudatus. See Archaeopteryx 
lithographica 
Griphosaurus problematicus. See Archaeopteryx 
lithographica 
Gryponyx africanus, material, 236 
Gryponyx taylori, material, 236 
Gryponyx transvaalensis, material, 236 
Gryposaurus, 440. See also Kritosaurus 
classification (phylogenetic position), 
460 
skeleton, 456 
skull, 444-45, 448, 450 
taxonomy, 459 
Gryposaurus incurvimanus 
age, 440 
material, 440 
occurrence, 440 
paleoecology, 461 
pelvis, 456 
postcranial skeleton, 455 
skeleton, 453-54, 457 
skull, 455 
Gryposaurus latidens 
age, 440 
dentition, 452 
material, 440 
occurrence, 440 
Gryposaurus notabilis 
age, 440 
material, 440 
occurrence, 440 
skeleton, 453 
skull, 445 
vertebrae, dorsal, 454 
Guaibasaurus, 26 
biogeography, 46 
classification (phylogenetic position), 43 
paleoecology, 46 
skeleton 
appendicular, 33-40 
axial, 30-33 
systematics, 41, 43 
Guaibasaurus candelariensis 
age, 26 
body silhouette, 27 
crus, 38 
femur, 37 
material, 26, 28 
occurrence, 26 
pectoral girdle, 34 
pelvis, 35 
pes, 39 
systematics, 40 
tarsus, 39 
vertebral column, 32 
Gurilynia, 213 
Gurilynia nessovi 
age, 213 
material, 213 
occurrence, 213 
Gyposaurus capensis, material, 236 
“Gyposaurus” sinensis, 234 
classification (phylogenetic position), 249, 
250-51 
diagnosis, 237, 253 
material, 253 
occurrence, 233, 253 


paleobiology, 257-58 
skeleton, 243-44, 246, 248-49 
skull, 237-43 


Hadrosaurus, 440 
Hadrosaurus agilis. See Claosaurus agilis 
Hadrosaurus breviceps, material, 442 
Hadrosaurus cavatus, material, 442 
Hadrosaurus foulkii 
age, 440 
material, 438, 440, 460 
occurrence, 440, 460 
paleoecology, 461 
“Hadrosaurus minor” 
age, 441 
material, 441, 460 
occurrence, 441, 460 
Hadrosaurus minor, material, 442 
Hadrosaurus paucidens, material, 442 
Halimornis, 213 
Halimornis thompsoni 
age, 213 
material, 213 
occurrence, 213 
Halticosaurus liliensternus, 67. See also 
Liliensternus liliensterni 
Halticosaurus longotarsus, 67 
material, 50 
Halticosaurus orbitoangulatus, 67 
Hanssuessia. See Stegoceras 
Hanssuessia sternbergi. See Stegoceras validum 
Haplocanthosaurus, 266, 272 
classification (phylogenetic position), 296, 
297, 307 
diagnosis, 307 
material, 307, 322 
neck function and posture, 318 
occurrence, 307 
skeleton, 280-82, 284-85 
skull, 273 
Haplocanthosaurus delfsi 
age, 266 
material, 266, 307 
occurrence, 266, 307 
sternal plate, 288 
Haplocanthosaurus priscus 
age, 266 
material, 266, 307 
occurrence, 266, 307 
vertebrae 
caudal cervical, 281 
cranial dorsal, 284 
proximal caudal, 286 
Haplocanthosaurus utterbacki. See Haplocantho- 
saurus priscus 
Haplocanthus. See Haplocanthosaurus 
Haplocanthus priscus. See Haplocanthosaurus 
priscus 
Hargeria. See Hesperornis 
Hargeria gracilis. See Hesperornis gracilis 
Harpymimus, 138 
biogeography, 148 
classification (phylogenetic position), 137, 
139, 147-48, 148 
skeleton, 142-45, 144-45 
skull, 140, 142 
Harpymimus okladnikovi 
age, 138, 147 
classification (phylogenetic position), 147, 
148 
dentary, 140 
dentition, 147 
humerus, 144 
manus, 144 
material, 138, 147 
occurrence, 138, 147 


pes, 145 
skull, 140 
Hecatasaurus. See Telmatosaurus 
Heishansaurus pachycephalus, material, 466 
Helopus. See Euhelopus 
Helopus zdanskyi. See Euhelopus zdanskyi 
Heptasteornis andrewsi, material, 186 
Herrerasaurus, 17-18, 24, 26 
anatomy, 654 
bone, 655, 657 
classification (phylogenetic position), 94, 
179, 249, 296, 297 
dentition, 30, 45 
diet, 45 
forelimb, 45 
intramandibular joint, 44-45 
mandible, 28, 30 
manus, 45 
palate, 28 
paleoecology, 45-46 
pubis, 654 
size, 45 
skeleton, 62 
appendicular, 33-40 
axial, 30-33 
skull, 28-30 
puncture wounds, 45 
systematics, 40-44 
tail, 45 
Herrerasaurus ischigualastensis. See also cf. 
Staurikosaurus sp.; Frenguellisaurus 
ischigualastensis 
age, 26 
body silhouette, 27 
classification (phylogenetic position), 179, 
180 
crus, 38 
femur, 36 
forelimb, 34 
mandible, 29 
material, 25-28, 26 
occurrence, 25, 26 
pectoral girdle, 34 
pelvis, 35 
pes, 39 
skull, 29 
systematics, 40 
tarsus, 39 
vertebral column, 31 
Hesperornis, 215 
classification (phylogenetic position), 
221-22, 224, 225 
diagnosis, 225 
historical review, 221 
skeleton, 223 
Hesperornis crassipes 
age, 215 
material, 215 
occurrence, 215 
Hesperornis gracilis 
age, 215 
material, 215 
occurrence, 215 
Hesperornis montanus. See Coniornis altus 
Hesperornis regalis 
age, 215 
material, 215 
occurrence, 215 
Hesperosaurus, 344 
armor, 356 
classification (phylogenetic position), 
356-57 
occurrence, 343 
osteoderm, 355-56 
skeleton, 350-55 
skull, 343-50, 348 
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Hesperosaurus (continued ) 
taxonomy, 357-58 
Hesperosaurus mijosi 
age, 344, 359 
diagnosis, 359 
material, 344, 359 
occurrence, 344, 359 
Heterodontosaurus, 394 
behavior, 412 
biogeography, 411 
classification (phylogenetic position), 
408-10 
locomotion, 412 
paleoecology, 412 
skeleton, 329, 331, 412 
vertebrae, 329 
Heterodontosaurus tucki 
age, 394 
classification (phylogenetic position), 408, 
409 
dentition, 397 
manus, 406 
material, 393, 394 
occurrence, 394 
pelvis, 407 
skeleton, 403-8, 404 
skull, 393, 396, 397-403 
Heterosaurus. See Iguanodon 
Heterosaurus neocomiensis. See Iguanodon 
atherfieldensis 
Heyuannia, 167 
Heyuannia huangi 
age, 167 
material, 167 
occurrence, 167 
Hierosaurus coleii. See Niobrarasaurus coleii 
Hierosaurus sternbergi, material, 368 
Histriasaurus boscarollii, material, 271 
Holbatia ponomarenkoi. See Ambiortus 
dementjevi 
Homalocephale, 465 
occurrence, 465, 475 
skull, 464-71, 466, 477 
taxonomy, 474, 476 
Homalocephale calathocercos 
age, 465 
classification (phylogenetic position), 476 
femur, 472 
ilium, 472 
ischium, 472 
material, 464, 465 
occurrence, 465 
paleoecology, 476 
prepubic process, 472 
sacropelvic region, 472 
skeleton, 464, 471-73, 472 
skull, 464-71, 466 
Hoplitosaurus, 366 
Hoplitosaurus marshi 
age, 366 
material, 366, 391 
occurrence, 366, 391 
Hoplosaurus armatus. See Oplosaurus armatus 
Hoplosaurus ischyrus. See Struthiosaurus 
austriacus 
Horezmavis, 214 
Horezmavis eocretacea 
age, 214 
material, 214 
occurrence, 214 
Hortalotarsus skirtopodus, material, 236 
Huabeisaurus, 268 
age, 310 
classification (phylogenetic position), 310 
diagnosis, 310 
material, 310 
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occurrence, 310 
Huabeisaurus allocotus 
age, 268 
material, 268 
occurrence, 268 
Huayangosaurus, 344 
classification (phylogenetic position), 
356-57, 388 
cranial anatomy, 361 
dentition, 349, 361 
material, 343 
occurrence, 343 
osteoderm, 355 
pelvic girdle, 351 
sacrum, 351 
skeleton, 346, 350-55 
skull, 343-50, 348, 360-61 
taphonomy, 360 
taxonomy, 357-58 
Huayangosaurus taibaii 
age, 344 
classification (phylogenetic position), 358 
material, 344, 388 
occurrence, 344, 388 
Hudiesaurus 
classification (phylogenetic position), 302 
diagnosis, 302 
material, 302 
occurrence, 302 
Hudiesaurus sinojapanorum 
age, 263 
material, 263 
occurrence, 263 
Hulsanpes, 199 
Hulsanpes perlei 
age, 199 
classification (phylogenetic position), 208 
diagnosis, 208 
material, 199, 208 
occurrence, 199 
Hylaeosaurus, 109, 366 
skeleton, 383, 387 
Hylaeosaurus armatus 
age, 366 
material, 366, 391 
occurrence, 366, 391 
Hylaeosaurus foxii. See Polacanthus foxii 
Hylaeosaurus oweni. See Hylaeosaurus armatus 
HAylosaurus mantelli. See Hylaeosaurus armatus 
HAypacrosaurus, 441 
bone, 656 
classification (phylogenetic position), 
458-59 
nasal cavity, 647-48, 648 
skeleton, 453 
skull, 450 
taxonomy, 459 
HAypacrosaurus altispinus 
age, 441 
material, 441 
occurrence, 441 
paleoecology, 461 
size, 462 
skull, 444, 450 
vertebrae, dorsal, 454 
Hypacrosaurus stebingeri 
age, 441 
material, 441 
occurrence, 441 
paleoecology, 461 
size, 462 
skeleton, 454 
skull, 444 
Hyperodapedon, 9 
Hyperodapedon gordoni, 11 
“Hypselosaurus,” 315 


eggs, 321 
growth, 321 
Hypselosaurus priscus, material, 271 
Hypsibema crassicauda, material, 442 
Hypsilophodon, 395 
behavior, 412 
classification (phylogenetic position), 249, 
432 
paleoecology, 412 
skeleton, 425, 428 
skull, 327, 417-18, 421, 446 
taxonomy, 433 
Hypsilophodon foxii 
age, 395 
biogeography, 411 
classification (phylogenetic position), 409, 
410, 490 
dentition, 398 
forelimb/hindlimb ratio, 492 
manus, 406, 408 
material, 395 
occurrence, 395 
paleobiology, 436 
pelvis, 407 
skeleton, 403-8, 404 
skull, 396-403, 398 
Hypsilophodon wielandi, material, 396 
Hypsirhophus. See Stegosaurus 
Hypsirhophus discurus, material, 345 
Hypsirhophus seeleyanus. See Stegosaurus 
armatus 


Iberomesornis, 213, 221 
classification (phylogenetic position), 224, 
224 
diagnosis, 224 
Iberomesornis romerali 
age, 213 
material, 213 
occurrence, 213 
Ichthyornis, 216 
classification (phylogenetic position), 222, 
224, 225 
diagnosis, 225 
historical review, 221 
material, 216, 225 
Ichthyornis anceps. See Ichthyornis dispar 
Ichthyornis antecessor. See Ichthyornis dispar 
Ichthyornis dispar 
age, 216 
material, 216 
occurrence, 216 
Ichthyornis maltshevskyi. See Lenesornis 
maltshevskyi 
Ichthyornis minusculus, material, 216 
Ichthyornis tener, 216 
Ichthyornis validus. See Ichthyornis dispar 
Ichthyornis victor. See Ichthyornis dispar 
Iguana iguana, 255 
Iguanodon, 413, 415-16 
biogeography, 640 
bone, 655 
bony labyrinth, 423 
classification (phylogenetic position), 434, 
458 
diagnosis, 434 
endocranial cast, 423 
paleobiology, 435-37 
paleoecology, 624 
predation on, 110 
skeleton, 425-26, 428-30, 456-57 
skull, 413, 417-18, 421-22, 446-47 
taphonomy, 612 
taxonomy, 459 
Iguanodon anglicus. See also Cetiosaurus brevis 
age, 415 


material, 415 
occurrence, 415 
Iguanodon atherfieldensis 
age, 416 
braincase, 422-23 
classification (phylogenetic position), 432 
femur, 431 
material, 416 
occurrence, 416 
paleobiology, 436 
pelvis, 430 
skeleton, 426, 429, 432 
skull, 417-18, 419-20, 421, 421, 424 
sternal, 429 
taxonomy, 433 
vertebrae 
cervical, 425 
dorsal, 428 
Iguanodon bernissartensis 
age, 416 
classification (phylogenetic position), 432 
manus, 429 
material, 416 
occurrence, 416 
paleobiology, 435-36 
paleoecology, 435 
size, 413 
skeleton, 426, 427, 428-29, 432 
skull, 421, 424 
taxonomy, 433 
vertebrae, dorsal, 428 
Iguanodon dawsoni 
age, 416 
material, 416 
occurrence, 416 
skeleton, 428 
Iguanodon exogirarus, material, 417 
Iguanodon fittoni 
age, 416 
material, 416 
occurrence, 416 
paleobiology, 435 
paleoecology, 435 
skeleton, 428 
Iguanodon hilli 
material, 442 
occurrence, 438 
Iguanodon hoggi. See Camptosaurus hoggi 
Iguanodon hollingtoniensis. See Iguanodon 
fittoni 
Iguanodon lakotaensis 
age, 416 
material, 416 
occurrence, 416 
skull, 424 
Iguanodon mantelli. See Iguanodon 
atherfieldensis 
Iguanodon ottingeri, material, 417 
Iguanodon phillipsii, material, 368 
Iguanodon praecursor, material, 271 
Iguanodon prestwichii. See Camptosaurus 
prestwichii 
Iguanodon seelyi. See Iguanodon bernissartensis 
Iguanodon suessi. See Rhabdodon priscus 
Iguanosaurus. See Iguanodon 
Tlerdopteryx viai, material, 216 
Tliosuchus, 73 
Tliosuchus incognitus 
age, 73, 99 
classification (phylogenetic position), 99 
material, 73, 99 
occurrence, 73, 99 
skeleton, 90 
Tlokelesia, 49 
skeleton, 55, 58 
vertebrae, 58 


Tlokelesia aguadagrandensis 
age, 49 
material, 49, 66 
occurrence, 49, 66 
Incisivosaurus, 166 
dentition, 167 
diagnosis, 181 
material, 181 
skull, 165-73, 181 
Incisivosaurus gauthieri 
age, 166 
classification (phylogenetic position), 165 
dentition, 165 
material, 166, 174 
occurrence, 166, 174 
Indosaurus, 49 
Indosaurus matleyi 
age, 49 
material, 49, 66 
occurrence, 49, 66 
Indosuchus, 49 
Indosuchus raptorius 
age, 49 
braincase, 54 
material, 49, 66 
occurrence, 49, 66 
Ingenia, 167 
chevrons, 182 
diagnosis, 182 
material, 182 
paleoecology, 621, 623 
size, 182 
skeleton, 174-75, 176, 176-78, 182 
skull, 170, 173 
tail, 182 
Ingenia yanshini 
age, 167 
classification (phylogenetic position), 179, 
180, 181 
crus, 176 
femur, 176 
humerus, 176 
manus, 176 
material, 167 
metatarsus, 176 
occurrence, 167 
pelvis, 176 
pes, 176 
radius, 176 
scapulocoracoid, 172 
skeleton, 176 
tarsals, 176 
ulna, 176 
Inosaurus tedreftensis, material, 78 
Irritator, 73 
classification (phylogenetic position), 98 
occurrence, 73, 98, 109 
skull, 79, 81 
Irritator challengeri 
age, 73, 98 
classification (phylogenetic position), 98 
material, 73, 98 
occurrence, 73, 98 
skull, 81 
Isanosaurus, 261 
classification (phylogenetic position), 297-98 
diagnosis, 298 
material, 298 
occurrence, 298 
paleoecology, 254 
Isanosaurus attavipachi 
age, 261 
material, 261 
occurrence, 261 
Ischisaurus cattoi. See Herrerasaurus 
ischigualastensis 


Ischyrosaurus manseli, material, 271 
Itemirus, 114 
Itemirus medullaris 

age, 114, 133 

braincase, 128, 133 

material, 114, 133 

occurrence, 114, 133 
Tuticosaurus, material, 271 


Jainosaurus, 269 
classification (phylogenetic position), 312 
diagnosis, 312 
eggs, 321 
material, 312 
occurrence, 312 

Jainosaurus septentrionalis 
age, 269 
material, 269 
occurrence, 269 

Janenschia, 268 
bone, 656 
classification (phylogenetic position), 310 
growth rate, 658 
historical review, 272 
material, 310 
occurrence, 310 

Janenschia robusta 
age, 268 
manus, 289 
material, 268 
occurrence, 268 
vertebrae, cranial dorsal, 284 

Jaxartosaurus, 441 
skull, 450 

Jaxartosaurus aralensis 
age, 441 
material, 441, 460 
occurrence, 441, 460 
skull, 449 

Jaxartosaurus fuyunensis, material, 442 

Jeholosaurus, 395 

Jeholosaurus shangyuanensis 
age, 395 
material, 395 
occurrence, 395 

Jiangshanosaurus, 269 
classification (phylogenetic position), 312 
diagnosis, 312 
material, 312 
occurrence, 312 

Jiangshanosaurus lixianensis 
age, 269 
material, 269 
occurrence, 269 

Jibeinia, 212 

Jibeinia luahera 
age, 212 
material, 212 
occurrence, 212 

Jingshanosaurus 
braincase, 240 
classification (phylogenetic position), 249, 

250 
dentition, 242 
diagnosis, 237 
manus, 244 
occurrence, 233 
paleobiology, 254-58 
skeleton, 243-49, 244 
skull, 237-43, 240 
vertebrae, 244 

Jingshanosaurus xinwaensis 
age, 234, 252 
material, 234, 252 
occurrence, 234, 252 
size, 252 
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Jinzhousaurus, 413, 416 
classification (phylogenetic position), 432 
skull, 418 
taxonomy, 433 

Jinzhousaurus yangi 
age, 416 
material, 416, 435 
occurrence, 416, 435 
skull, 419 

Jobaria, 265, 273, 304, 306 
classification (phylogenetic position), 296, 

297, 306 
diagnosis, 306 
material, 306 
occurrence, 306 
skeleton, 283, 288 
skull, 273 

Jobaria tiguidensis 
age, 265 
material, 265 
occurrence, 265 

Jubbulpuria tenuis, material, 50 

Judiornis, 215 

Judiornis nogontsavensis 
age, 215 
material, 215 
occurrence, 215 

Jurapteryx. See Archaeopteryx 

Jurapteryx recurva. See Archaeopteryx 

lithographica 


Kaijiangosaurus, 73 
Kaijiangosaurus lini 

age, 73, 99 

classification (phylogenetic position), 99 

material, 73, 99 

occurrence, 73, 99 
Kakuru, 76 
Kakuru kujani 

age, 76, 108 

classification (phylogenetic position), 108 

material, 76, 108 

occurrence, 76, 108 
Kangnasaurus coetzeei, material, 417 
Kelmayisaurus, 73 
Kelmayisaurus petrolicus 

age, 73 

material, 73, 99 

occurrence, 73, 99 
Kentrosaurus, 344 

classification (phylogenetic position), 

357-58 

cranial anatomy, 361 

dentition, 349 

growth, 360 

material, 343 

occurrence, 343 

osteoderm, 355-56 

pelvic girdle, 351 

sacrum, 351 

skeleton, 346, 350-55 

skull, 343-50, 348 

taphonomy, 360 

taxonomy, 357-58 
Kentrosaurus aethiopicus 

age, 344, 359 

diagnosis, 359 

dimorphism, 360 

material, 344, 359 

occurrence, 344, 359 

tibs, 360 
Kentrurosaurus. See Kentrosaurus 
Khaan, 167 

manus, 182 

skeleton, 182 

skull, 170 
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Khaan mckennai 
age, 167 
classification (phylogenetic position), 179, 
180, 181 
material, 167 
occurrence, 167 
Kizylumavis, 213 
Kizylumavis cretacea 
age, 213 
material, 213 
occurrence, 213 
Klamelisaurus, 261 
age, 299 
classification (phylogenetic position), 299 
material, 299 
occurrence, 299 
Klamelisaurus gobiensis 
age, 261 
material, 261 
occurrence, 261 
Koparion, paleobiology, 110 
Koparion douglassi 
age, 184 
material, 186 
Kotasaurus, 261 
classification (phylogenetic position), 249, 
249, 297, 298 
material, 298 
occurrence, 298 
paleobiology, 257 
skeleton, 283, 287 
Kotasaurus yamanpaliensis 
age, 261 
material, 261 
occurrence, 261 
Kritosaurus 
biogeography, 642 
classification (phylogenetic position), 460 
occurrence, 460 
cf. Kritosaurus sp., 441 
“Kritosaurus” australis 
age, 441 
classification (phylogenetic position), 
458-60 
material, 441 
occurrence, 441, 460 
paleoecology, 461 
skull, 450 
taxonomy, 459 
Kritosaurus incurvimanus. See Gryposaurus 
incurvimanus 
Kritosaurus navajovius, 460 
humerus, 455 
material, 442 
Kulceratops kulensis, material, 480 
“Kunmingosaurus,” 243, 316 
Kunmingosaurus wusdingensis, material, 271 
Kuszholia, 212 
Kuszholia mengi 
age, 212 
material, 212 
occurrence, 212 


Labocania, 114 
Labocania anomala 

age, 114, 133 

diagnosis, 133 

material, 114, 133 

occurrence, 114, 133 

skeleton, 133 

skull, 133 
Labrosaurus ferox, 103 
Labrosaurus stechowi, material, 50 
Laelaps aquilunguis. See Dryptosaurus 

aquilunguis 

Laelaps cristatus, material, 186 


Laelaps explanatus, material, 186 
?Laelaps falculus. See Gorgosaurus libratus 
Laelaps gallicus. See Streptospondylus 
altdorfensis 
?Laelaps hazenianus. See Gorgosaurus libratus 
Laelaps incrassatus. See Gorgosaurus libratus 
Laelaps laevifrons, material, 186 
Laelaps macropus, material, 78, 114 
Laevisuchus, 49 
Laevisuchus indicus 
age, 49 
material, 49, 67 
occurrence, 49, 67 
Lagerpeton, 8, 10, 16-17, 40, 249 
biogeography, 45 
Lagerpeton chanarensis, 13, 16 
Lambeosaurus, 442 
classification (phylogenetic position), 459 
skeleton, 456 
skull, 444, 450, 450 
taxonomy, 459 
Lambeosaurus clavinitialis. See Lambeosaurus 
lambei 
Lambeosaurus lambei 
age, 442 
dentition, 452 
material, 442 
occurrence, 442 
skull, 450 
?Lambeosaurus laticaudus 
age, 442 
material, 442 
occurrence material, 442 
Lambeosaurus magnicristatus 
age, 442 
material, 442 
occurrence, 442 
skull, 450 
Lametasaurus indicus, material, 50, 368 
Lanasaurus. See Lycorhinus 
Lanasaurus scalpridens. See Lycorhinus 
angustidens 
Laosaurus altus. See Dryosaurus altus 
Laosaurus celer, material, 396 
Laosaurus consors. See Othnielia rex 
Laosaurus gracilis. See Othnielia rex 
Laosaurus minimus, material, 396 
Laplatasaurus, 269 
classification (phylogenetic position), 312 
diagnosis, 312 
material, 312 
occurrence, 312 
Laplatasaurus araukanicus, 312 
age, 269 
material, 269 
occurrence, 269 
Lapparentosaurus, 266 
classification (phylogenetic position), 296, 
307 
diagnosis, 307 
material, 307 
occurrence, 307 
skeleton, 2892 
Lapparentosaurus madagascariensis 
age, 266 
growth rate, 658 
material, 266 
occurrence, 266 
Leaellynasaura, 395 
Leaellynasaura amicagraphica 
age, 395, 411 
material, 395, 410 
occurrence, 395, 410-11 
skeleton, 407 
skull, 396, 398, 402 
Lectavis, 213 


Lectavis bretincola 
age, 213 
material, 213 
occurrence, 213 
Leipsanosaurus. See Struthiosaurus 
Leipsanosaurus noricus. See Struthiosaurus 
austriacus 
Lenesornis, 213 
Lenesornis maltshevskyi 
age, 213 
material, 213 
occurrence, 213 
Leptoceratops, 480 
anatomy, 478-90, 482, 485, 488 
biogeography, 642 
classification (phylogenetic position), 490, 
491 
dentition, 487 
diagnosis, 491 
skull, 478-87, 485 
vertebrae, 487-88 
Leptoceratops cerorhynchus. See Montanoceratops 
cerorhynchus 
Leptoceratops gracilis 
age, 480 
anatomy, 478-90 
classification (phylogenetic position), 490 
humerus, 488 
manus, 488 
material, 480 
occurrence, 480 
paleoecology, 492 
radius, 488 
scapulocoracoid, 488 
skeleton, 482, 503 
skull, 485 
ulna, 488 
Leptospondylus capensis, material, 236 
Lesothosaurus, 326 
anatomy, 325-34 
classification (phylogenetic position), 249, 
325, 332, 388, 432 
dentition, 326, 328, 328-29, 334 
diagnosis, 332 
diet, 334 
feeding habits, 334 
forelimb, 330, 334 
paleoecology, 333 
rhamphotheca, 333-34 
skeleton, 329-31, 329-32, 334 
skull, 325-29, 326, 424 
stance, 334 
systematics, 41, 43 
taxonomy, 433 
vertebrae, 329-30 
Lesothosaurus diagnosticus 
age, 326, 333 
anatomy, 325 
classification (phylogenetic position), 323, 
332, 332, 333, 388 
dentition, 328 
femur, 330 
manus, 330 
material, 325, 326, 333 
occurrence, 326, 333 
pelvis, 331 
skeleton, 329 
skull, 326 
Lessemsaurus, 234 
classification (phylogenetic position), 249 
paleoecology, 254 
skeleton, 242, 243-44 
vertebrae, 242 
Lessemsaurus sauropoides 
age, 234, 251 
diagnosis, 251 


material, 234, 251 
occurrence, 234, 251 
size, 251 
Lestornis. See Hesperornis 
Lestornis crassipes. See Hesperornis crassipes 
Lexovisaurus, 344 
armor, 362 
classification (phylogenetic position), 
356-58 
dimorphism, 362 
growth, 360 
occurrence, 343 
osteoderm, 355, 362 
pelvic girdle, 351 
skeleton, 346, 351-55 
taxonomy, 357-58 
thermoregulation in, 362 
Lexovisaurus durobrivensis 
age, 344, 359 
diagnosis, 359 
dimorphism, 360 
material, 344, 359 
occurrence, 344, 359 
osteoderm, 355 
Liaoceratops, 480 
classification (phylogenetic position), 491 
Liaoceratops yanzigouensis 
age, 480, 491 
classification (phylogenetic position), 491 
diagnosis, 491 
material, 480, 491 
occurrence, 480, 491 
skull, 485 
Liaoningornis, 214 
classification (phylogenetic position), 221 
occurrence, 221 
Liaoningornis longidigitus 
age, 214 
material, 214 
occurrence, 214 
Liaoningosaurus, 367 
diagnosis, 391 
mandible, 391 
osteoderms, 387 
skeleton, 383, 385, 387 
skull, 368, 371, 379 
Liaoningosaurus paradoxus 
age, 367 
material, 367, 391 
occurrence, 367, 391 
skull, 368 
Ligabueino, 50 
Ligabueino andesi 
age, 50 
material, 50 
occurrence, 50 
Liliensternus, 48 


classification (phylogenetic position), 67-68 


skeleton, 58, 60, 61-63 
systematics, 42-43 
vertebrae, 55, 57 
Liliensternus airelensis, 50, 67-68 
Liliensternus liliensterni. See also Halticosaurus 
liliensternus 
age, 48 
classification (phylogenetic position), 67 
material, 48, 67, 69 
occurrence, 48, 67 
pelvis, 60 
skull, 53 
Limaysaurus. See Rayososaurus 
Limaysaurus tessonei. See Rayososaurus tessonei 
Limenavis, 215 
Limenavis patagonica 
age, 215 
material, 215 


occurrence, 215 
Limnosaurus. See Telmatosaurus 
Limnosaurus transsylvanicus. See Telmatosaurus 
transsylvanicus 
Lirainosaurus, 269, 273 
classification (phylogenetic position), 297, 
312 
diagnosis, 312 
material, 312 
occurrence, 312 
Lirainosaurus astibiae 
age, 269 
material, 269 
occurrence, 269 
Loncosaurus argentinus, material, 417 
Longipteryx, integument, 228 
Longisquama, 220 
Longosaurus, material, 50 
Lophorhothon, 440 
classification (phylogenetic position), 459 
skull, 444, 450 
taxonomy, 459 
Lophorhothon atopus 
age, 440 
material, 440 
occurrence, 440 
skull, 447 
?Loricosaurus. See Saltasaurus 
Loricosaurus scutatus, 295 
?Loricosaurus scutatus. See Neuquenosaurus 
australis 
Losillasaurus, 265 
age, 303 
classification (phylogenetic position), 303 
diagnosis, 303 
material, 303 
occurrence, 303 
Losillasaurus giganteus 
age, 265 
material, 265 
occurrence, 265 
Lourinhanosaurus, 74 
classification (phylogenetic position), 101 
gastroliths, 94 
skeleton, 86, 90 
Lourinhanosaurus antunesi 
age, 74, 101 
classification (phylogenetic position), 101 
material, 74, 101 
occurrence, 74, 101 
Lourinhasaurus, 262, 306-7 
classification (phylogenetic position), 297, 
300 
diagnosis, 300 
material, 300 
occurrence, 300 
Lourinhasaurus alenquerensis 
age, 262 
material, 262 
occurrence, 262 
Lucianosaurus wildi, 333 
material, 326 
Lufengosaurus, 234, 254-58 
classification (phylogenetic position), 249, 
250 
dentition, 242 
manus, 245 
occurrence, 233, 234, 253 
paleoecology, 254 
skeleton, 243-49 
skull, 237-43, 239 
taphonomy, 254 
Lufengosaurus huenei 
age, 234 
diagnosis, 253 
material, 234, 252 
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Lufengosaurus huenei (continued ) 
occurrence, 234, 253 
size, 252 
taphonomy, 254 
Lufengosaurus magnus. See Lufengosaurus huenei 
Lurdusaurus, 413, 416 
classification (phylogenetic position), 432 
paleobiology, 435 
size, 413 
skeleton, 428-29 
taxonomy, 433 
Lurdusaurus arenatus 
age, 416, 434 
diagnosis, 434 
material, 416, 434 
occurrence, 416, 434 
paleobiology, 435-36 
paleoecology, 435 
skeleton, 428 
Lusitanosaurus liasicus, material, 336 
Lycorhinus, 394 
classification (phylogenetic position), 
408-10 
Lycorhinus angustidens 
age, 394 
classification (phylogenetic position), 408 
dentition, 397 
material, 394 
occurrence, 394 
skull, 396, 398, 401-3 
Lycorhinus consors. See Abrictosaurus consors 
Lystrosaurus, 16 


Macrurosaurus semnus, material, 271 
Magnosaurus, 73 
Magnosaurus bucklandi, 99 
Magnosaurus lydekkeri, 99 
Magnosaurus nethercombensis 
age, 73, 99 
classification (phylogenetic position), 99 
material, 73, 99 
occurrence, 73, 99 
Magnosaurus oxoniensis, 97 
Magnosaurus woodwardi, 99 
Magyarosaurus, 269 
classification (phylogenetic position), 312 
diagnosis, 312 
material, 312 
occurrence, 312 
paleoecology, 315 
size, 321 
skeleton, 321 
Magyarosaurus dacus 
age, 269 
material, 269 
occurrence, 269 
Magyarosaurus hungaricus. See Magyarosaurus 
dacus 
Magyarosaurus transsylvanicus. See 
Magyarosaurus dacus 
Maiasaura, 440 
biogeography, 642 
bone, 656-58 
classification (phylogenetic position), 460 
eggs, 670 
growth, 656-58 
growth rate, 666-67, 668 
paleoecology, 626 
skeleton, 454 
skull, 443-44, 446-49 
taphonomy, 610-11 
taxonomy, 459 
Maiasaura peeblesorum 
age, 440 
growth, 462 
material, 440, 463 
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nesting, 462-63 
occurrence, 440 
paleobiology, 462 
paleoecology, 461 
size, 462 
skeleton, 453-54 
skull, 446, 452 
Majungasaurus, 50 
Majungasaurus crenatissimus 
age, 50 
material, 50 
occurrence, 50 
Majungatholus, 49 
biogeography, 630 
classification (phylogenetic position), 66, 
464, 475 
dentition, 54 
palate, 53 
skeleton, 55-58, 60, 60-61 
skull, 51, 52-53 
vertebrae, 55 
Majungatholus atopus 
age, 49 
classification (phylogenetic position), 464 
cranial ornamentation, 52, 69 
material, 49 
occurrence, 49 
pelvis, 60 
skull, 51 
Malawisaurus, 269, 310 
classification (phylogenetic position), 297, 
312-13 
diagnosis, 312 
material, 312-13 
occurrence, 312-13 
skull, 273-74 
Malawisaurus dixeyi 
age, 269 
material, 269 
occurrence, 269 
Maleevosaurus, 130. See also Tarbosaurus; 
Tyrannosaurus 


Maleevosaurus novojilovi. See Tarbosaurus bataar 


Maleevus, material, 368 
Mamenchisaurus, 262, 272 

biogeography, 638 

classification (phylogenetic position), 297, 

300-301 

diagnosis, 300 

material, 300 

metabolism, 320 

neck function and posture, 318 

occurrence, 300 

skeleton, 279-80, 282, 284-85, 287-88, 290, 

295, 317 

skull, 273, 276 

ventilation, 320 
Mamenchisaurus anyuensis 

age, 262 

material, 262, 300 

occurrence, 262, 300 
Mamenchisaurus constructus 

age, 262 

material, 262 

occurrence, 262 
Mamenchisaurus fuxiensis 

age, 262 

material, 262, 300 

occurrence, 262, 300 
Mamenchisaurus hochuanensis 

age, 262 

material, 262, 300-301 

occurrence, 262, 300-301 

vertebrae, cranial dorsal, 284 
Mamenchisaurus jingyanensis 

age, 262 


material, 262, 300 
occurrence, 262, 300 
?Mamenchisaurus sinocanadorum, 300-301 
age, 262 
material, 262 
occurrence, 262 
skull, 276, 278 
Mamenchisaurus youngi 
age, 262 
material, 262, 300 
occurrence, 262, 300 
Mandschurosaurus, material, 443 
Mandschurosaurus laosensis, material, 443 
Mandschurosaurus mongoliensis. See 
Gilmoreosaurus mongoliensis 
?Manospondylus. See Tyrannosaurus 
Manospondylus gigas. See Tyrannosaurus rex 
Mapusaurus, taphonomy, 611 
Marasuchus, 8, 10, 16-17, 40, 249 
biogeography, 45 
classification (phylogenetic position), 297 
skeleton, 14 
systematics, 42-43 
Marasuchus talampayensis, 13, 16 
Marsinocephalia, phylogeny, 409 
Marshosaurus, 77 
paleobiology, 110 
Marshosaurus bicentesimus 
age, 77, 109 
classification (phylogenetic position), 109 
material, 77, 109 
occurrence, 77, 109 
Masiakasaurus, 49 
classification (phylogenetic position), 67 
dentition, 54, 67 
jaw, 54 
skeleton, 55, 59, 61, 63, 63 
vertebrae, 55 
Masiakasaurus knopfleri 
age, 49 
astragalocalcaneum, 62 
classification (phylogenetic position), 24, 67 
dentary, 51 
dentition, 67 
material, 49, 70 
occurrence, 49, 67 
pes, 63 
size, 67 
Massospondylus, 235. See also Aetonyx; Gryponyx 
bone, 655-58 
braincase, 240 
classification (phylogenetic position), 249, 
250, 252 
dentition, 242 
manus, 245 
occurrence, 233 
paleobiology, 254-58 
paleoecology, 254 
skeleton, 242, 243-49, 244-45 
skull, 237-43, 239-40 
taphonomy, 254 
vertebrae, 242, 244 
Massospondylus browni, material, 236 
Massospondylus carinatus. See also Gryponyx 
taylori 
age, 235, 252 
diagnosis, 252 
material, 235, 252 
occurrence, 235, 252 
paleobiology, 257 
Massospondylus harriesi, material, 236 
Massospondylus hislopi, material, 236 
Massospondylus schwarzi, material, 236 
Megalancosaurus, 220 
Megalosaurus, 72 
bone, 655 


classification (phylogenetic position), 96, 
100, 109 
occurrence, 72-73, 96, 99, 109 
Megalosaurus africanus. See 
Carcharodontosaurus saharicus 
Megalosaurus bradleyi. See Proceratosaurus 
bradleyi 
Megalosaurus bredai, material, 78 
Megalosaurus bucklandii 
age, 72, 96 
classification (phylogenetic position), 96, 
100 
material, 72 
occurrence, 72, 96 
Megalosaurus chubutensis, material, 78 
Megalosaurus crenatissiumus. See Majungasaurus 
crenatissimus 
Megalosaurus dunkeri, material, 78 
“Megalosaurus” hesperis 
age, 73, 99 
classification (phylogenetic position), 99 
material, 73, 99 
occurrence, 73, 99 
skull, 79 
Megalosaurus hungaricus, material, 78 
Megalosaurus inexpectatus, material, 78 
Megalosaurus ingens, material, 78 
Megalosaurus insignis, material, 78 
Megalosaurus lonzeensis, material, 78 
Megalosaurus lydekkeri, material, 78 
Megalosaurus meriani, material, 78 
Megalosaurus oweni. See also Valdoraptor 
oweni 
classification (phylogenetic position), 109 
Megalosaurus pannoniensis, material, 78 
Megalosaurus parkeri. See Magnosaurus 
nethercombensis 
Megalosaurus poikilopleuron, classification 
(phylogenetic position), 96 
Megalosaurus pombali, material, 78 
Megalosaurus saharicus. See 
Carcharodontosaurus saharicus 
Megalosaurus superbus, material, 78 
Megalosaurus tanneri, 96 
Megalosaurus terquemi, material, 78 
Megalosaurus wetherilli. See Dilophosaurus 
wetherilli 
Megapnosaurus. See Syntarsus 
Megapnosaurus kayentakatae. See Syntarsus 
kayentakatae 
Megapnosaurus rhodesiensis. See Syntarsus 
rhodesiensis 
Megaraptor, 199 
Megaraptor namunhuaiquii 
age, 199 
material, 199 
occurrence, 199 
Melanorosaurus, 235 
classification (phylogenetic position), 249, 
250 
diagnosis, 233 
occurrence, 232, 235, 251 
paleoecology, 254 
skeleton, 244 
taphonomy, 254 
Melanorosaurus readi 
age, 235, 251 
material, 235, 251, 257 
occurrence, 235, 251, 257 
Melanorosaurus thabanensis 
age, 235, 251 
diagnosis, 251 
material, 235, 251, 254 
occurrence, 235, 251, 254 
Mellisuga hellene, size, 21 
Metriacanthosaurus, 73 


Metriacanthosaurus parkeri 
age, 73, 99 
classification (phylogenetic position), 
99-100 
material, 73, 99 
occurrence, 73, 99 
Microceratops gobiensis. See also Graciliceratops 
mongoliensis 
material, 480 
Microceratops sulcidens, material, 480 
Microcoelus. See Saltasaurus 
Microcoelus patagonicus. See Neuquenosaurus 
australis 
Microhadrosaurus nanshiungensis, material, 443 
Micropachycephalosaurus, 466 
classification (phylogenetic position), 
474-75 
occurrence, 466, 475 
Micropachycephalosaurus hongtuyanensis 
age, 466 
material, 466 
occurrence, 466 
skeleton, 471, 473 
skull, 470 
Microraptor, 198, 225 
classification (phylogenetic position), 207, 
207 
size, 21 
skeleton, 203-4 
Microraptor gui 
age, 198 
material, 198 
occurrence, 198 
Microraptor zhaoianus 
age, 198 
classification (phylogenetic position), 207 
dentition, 208 
diagnosis, 208 
material, 196, 198 
metapodia, 184 
occurrence, 196, 198 
size, 208 
Microvenator, 167 
classification (phylogenetic position), 
182-83 
material, 182 
size, 182 
skeleton, 182-83, 206 
Microvenator celer 
age, 167 
material, 167 
occurrence, 167 
Minmi, 364 
biogeography, 641 
classification (phylogenetic position), 388, 
388 
diagnosis, 388 
paleoecology, 392 
size, 388 
skeleton, 386 
skull, 368-69, 369, 371-76 
taphonomy, 391 
unnamed species, 364 
Minmi paravertebra 
age, 364, 388 
material, 364, 388 
occurrence, 364, 388 
Mochlodon. See Rhabdodon 
Mochlodon robustus. See Zalmoxes robustus 
Mochlodon suessi, 434-35. See also Rhabdodon 
priscus 
Mongolosaurus haplodon, material, 271 
Monkonosaurus, 345 
age, 343 
classification (phylogenetic position), 356 
material, 343 


occurrence, 343 
osteoderm, 355, 362 
skeleton, 351-55 
thermoregulation in, 362 
Monkonosaurus lawulacus 
age, 345 
material, 345, 360 
occurrence, 345, 360 
Monoclonius, 494, 495 
Monoclonius belli. See Chasmosaurus belli 
Monoclonius canadensis. See Chasmosautrus belli 
Monoclonius crassus 
age, 495 
classification (phylogenetic position), 508 
material, 495 
occurrence, 495 
Monoclonius cutleri. See Centrosaurus apertus 
“Monoclonius cutleri,” integument, 506 
Monoclonius dawsoni. See Centrosaurus apertus 
Monoclonius fissus, material, 496 
Monoclonius flexus. See Centrosaurus apertus 
Monoclonius lowei. See Monoclonius crassus 
“Monoclonius lowei,” 508 
“Monoclonius nasicornis” 
integument, 506 
skeleton, 503, 505 
skull, 503 
Monoclonius nasicornus. See Styracosaurus 
albertensis 
Monoclonius recurvicornis, material, 496 
Monoclonius sphenocerus, material, 496 
Monolophosaurus, 74 
classification (phylogenetic position), 101 
display structures, 110 
face-bite wounds, 110 
skeleton, 84, 86, 90, 91 
skull, 79-80, 81, 84, 116 
Monolophosaurus jiangi 
age, 74, 101 
classification (phylogenetic position), 101 
material, 74, 101 
occurrence, 74, 101 
pelvis, 91 
skull, 80, 81, 84 
vertebrae, 86 
Mononykus, 100, 211, 222 
classification (phylogenetic position), 94, 
224 
Mononykus olecranus 
age, 211 
material, 211 
occurrence, 211 
Montanoceratops, 480 
classification (phylogenetic position), 490, 
491 
diagnosis, 491 
skeleton, 487-88, 488 
vertebrae, 487-88 
Montanoceratops cerorhynchus 
age, 480 
classification (phylogenetic position), 490 
femur, 488 
fibula, 488 
ilia, 488 
material, 480 
occurrence, 480 
pes, 488 
sacrum, 488 
tibia, 488 
Morinosaurus typus, material, 271 
Morosaurus, historical review, 271-72 
Morosaurus agilis, 307 
“Morosaurus” agilis 
age, 262 
classification (phylogenetic position), 299 
diagnosis, 299 
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“Morosaurus” agilis (continued ) 
material, 262, 299 
occurrence, 262, 299 
Morosaurus impar. See Camarasaurus grandis 
Morosaurus lentus. See Camarasaurus lentus 
Morosaurus robustus. See Camarasaurus grandis 
Mussaurus, 235 
classification (phylogenetic position), 249, 
252 
dentition, 242 
occurrence, 232, 235, 252 
paleobiology, 254-58 
skeleton, 233 
skull, 237-43, 239 
Mussaurus patagonicus 
age, 235, 252 
diagnosis, 252 
material, 235, 252 
occurrence, 235, 252 
paleobiology, 257 
size, 252 
taphonomy, 254 
Muttaburrasaurus, 413, 416 
biogeography, 641 
classification (phylogenetic position), 432 
paleobiology, 437 
taxonomy, 433 
Muttaburrasaurus langdoni 
age, 416, 432 
classification (phylogenetic position), 432-34 
diagnosis, 432-33 
material, 416 
occurrence, 416, 432 
skeleton, 428 
skull, 419 
Mymoorapelta, 366 
skeleton, 385 
Mymoorapelta maysi, 391 
age, 366 
material, 366 
occurrence, 366 
Mystriosuchus planirostris, 11 


Naashoibitosaurus, 440 

classification (phylogenetic position), 

458-59 

skull, 444, 450 

taxonomy, 459 
Naashoibitosaurus ostromi 

age, 440 

material, 440 

occurrence, 440 
Nanantius, 213 
Nanantius eos 

age, 213 

material, 213 

occurrence, 213 
Nanatius valifanovi. See Gobipteryx minuta 
Nanosaurus, classification (phylogenetic 

position), 332 

Nanosaurus agilis, 333 

material, 396 
Nanosaurus rex. See Othnielia rex 
Nanotyrannus, 113, 130, 132 

nasal cavity, 647, 648 
Nanotyrannus lancensis 

age, 111, 113 

juvenile, skull, 116 

material, 113 

occurrence, 113 

skull, 116, 118 
Nanshiungosaurus, 152 

skeleton, 156-57, 158, 162 
?Nanshiungosaurus bohlini 

age, 152, 163 

material, 152 
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occurrence, 152 
skeleton, 162 
Nanshiungosaurus brevispinus 
age, 152 
classification (phylogenetic position), 160, 
160 
diagnosis, 162 
material, 152 
occurrence, 152, 163 
pelvis, 158 
size, 162 
skeleton, 156-57, 158, 162 
Nanyangosaurus, 413, 416 
classification (phylogenetic position), 432 
taxonomy, 433 
Nanyangosaurus zhugeii, 435 
age, 416 
material, 416 
occurrence, 416 
Navahopus falapollex, 258 
Nedcolbertia, 76 
classification (phylogenetic position), 105 
Nedcolbertia justinhofmanni 
age, 76 
material, 76, 105 
occurrence, 76, 105 
Neimongosaurus, 152 
classification (phylogenetic position), 160, 
162 
dentition, 155 
skeleton, 156-58, 161-63 
skull, 154 
Neimongosaurus yangi, 160 
age, 152 
material, 152 
occurrence, 152 
skeleton, 162-63 
Nemegtosaurus, 263, 272 
classification (phylogenetic position), 297, 
303 
dentition, 316 
diagnosis, 303 
material, 303 
occurrence, 303 
paleobiology, 316 
paleoecology, 315 
skull, 273-79 
Nemegtosaurus mongoliensis 
age, 263 
mandible, 274 
material, 263 
occurrence, 263 
skull, 274 
Nemegtosaurus pachi, material, 271 
Neoaetosauroides, ankle, 10 
Neosaurus missouriensis, material, 443 
Neosodon, material, 271 
Neovenator, 75 
bone, 655 
dentition, 79 
paleobiology, 110, 133 
skeleton, 84, 92-93 
skull, 79, 82 
Neovenator salerii 
age, 75, 103 
classification (phylogenetic position), 103-4 
femur, 92 
material, 75, 103 
occurrence, 75, 103 
pes, 93 
skull, 82 
tibia, 92 
vertebrae, 87 
Neuquenornis 
classification (phylogenetic position), 221, 
224 


diagnosis, 221 
Neuquenornis volans 
age, 213 
material, 213 
occurrence, 213 
Neuquensaurus, 270 
classification (phylogenetic position), 
313-14 
diagnosis, 313-14 
material, 313-14 
occurrence, 313-14 
skeleton, 285-87 
Neuquensaurus australis 
age, 270 
material, 270 
occurrence, 270 
Neuquensaurus robustus, 314 
Nigersaurus, 263, 273 
classification (phylogenetic position), 296, 
304 
diagnosis, 304 
material, 304 
skull, 273, 278 
Nigersaurus taqueti 
age, 263 
material, 263 
occurrence, 263 
Niobrarasaurus, 367 
skeleton, 387 
taphonomy, 391 
Niobrarasaurus coleii 
age, 367 
material, 367, 391 
occurrence, 367, 391 
Nipponosaurus, 442 
Nipponosaurus sachalinensis 
age, 442 
material, 442, 460 
occurrence, 442, 460 
Noasaurus, 49 
classification (phylogenetic position), 64, 
67 
jaw, 54 
skeleton, 55 
skull, 52-53 
Noasaurus leali 
age, 49 
classification (phylogenetic position), 64 
material, 49 
maxilla, 51 
occurrence, 49 
Nodocephalosaurus, 365 
Nodocephalosaurus kirtlandensis 
age, 365 
material, 365, 390 
occurrence, 365, 390 
Nodosaurus, 367 
skeleton, 387 
Nodosaurus coleii. See Niobrarasaurus coleii 
Nodosaurus textilis 
age, 367 
material, 367, 391 
occurrence, 367, 391 
Noguerornis, 213, 224 
classification (phylogenetic position), 221, 
224 
Noguerornis gonzalezi 
age, 213 
material, 213 
occurrence, 213 
Nomingia, 166 
classification (phylogenetic position), 182 
material, 182 
pygostyle, 182 
skeleton, 175, 177-78, 182 
tail, 165, 182 


Nomingia gobiensis 
age, 166 
material, 166, 180 
occurrence, 166, 180 
pelvis, 177 
pygostyle, 172 
tail, 172 
Nothronychus, 152, 160 
classification (phylogenetic position), 164 
skeleton, 156-58, 161 
Nothronychus mckinleyi 
age, 152 
diagnosis, 162 
material, 152, 160 
occurrence, 152, 160 
Notoceratops bonarellii, material, 496 
Notohypsilophodon, 395 
biogeography, 411 
Notohypsilophodon comodorensis 
age, 395, 411 
classification (phylogenetic position), 411 
material, 395, 410 
occurrence, 395, 410-11 
skeleton, 40, 405 
Nqwebasaurus, 76 


classification (phylogenetic position), 106-7 


skeleton, 89, 107, 107 
Nqwebasaurus thwazi 
age, 76, 107 
classification (phylogenetic position), 107 
material, 76, 107 
occurrence, 76, 107 
skeleton, 107, 107 
Nuthetes destructor, material, 78 


Ohmdenosaurus, 261 
age, 298 
diagnosis, 298 
material, 298 
occurrence, 298 
Ohmdenosaurus liasicus 
age, 261 
material, 261 
occurrence, 261 
Oligosaurus adelus. See Rhabdodon priscus 
Olorotitan, 442 
Olorotitan arharensis 
age, 442 
material, 442 
occurrence, 442 
Omeisaurus, 262, 272 
classification (phylogenetic position), 296, 
297, 301 
diagnosis, 301 
material, 301 
occurrence, 301 
paleoecology, 622 
skeleton, 279-80, 283-85, 287-88, 290, 292, 
294, 317 
skull, 273-79 
Omeisaurus changshouensis, 301 
material, 271 
Omeisaurus fuxiensis, 300-301. See also 
Mamenchisaurus fuxiensis 
material, 271 
Omeisaurus junghsiensis 
age, 262 
material, 262, 301 
occurrence, 262, 301 
Omeisaurus luoquanensis, 301 
material, 271 
Omeisaurus tianfuensis 
age, 262 
mandible, 274 
material, 262, 301 
occurrence, 262, 301 


scapula, 287 
skeleton, 280 
skull, 274 
vertebrae, cranial dorsal, 284 
Omosaurus armatus. See Dacentrurus armatus 
Omosaurus durobrivensis. See Lexovisaurus 
durobrivensis 
Omosaurus hastiger. See Dacentrurus armatus 
Omosaurus leedsi. See Lexovisaurus durobrivensis 
Omosaurus lennieri. See Dacentrurus armatus 
Omosaurus phillipsi, material, 345 
Omosaurus vetustus, material, 345 
Onychosaurus hungaricus. See also Zalmoxes 
robustus 
material, 368 
Opisthocoelicaudia, 270, 272 
classification (phylogenetic position), 297, 
311, 314 
diagnosis, 314 
material, 314 
occurrence, 314 
paleoecology, 315 
skeleton, 278, 282, 284-85, 288-90, 292, 
314 
skull, 273 
Opisthocoelicaudia skarzynskii 
age, 270 
humerus, 287 
ilium, 285 
material, 270 
occurrence, 270 
sacrum, 285 
sternal plate, 288 
vertebrae, cranial dorsal, 284 
Oplosaurus, 261 
classification (phylogenetic position), 299 
diagnosis, 299 
material, 299 
occurrence, 299 
Oplosaurus armatus 
age, 261 
material, 261 
occurrence, 261 
Orinosaurus capensis, material, 236 
Ornatotholus, 465 
classification (phylogenetic position), 474, 
474-75 
occurrence, 465, 475 
Ornatotholus browni 
age, 465 
material, 465 
occurrence, 465 
skull, 468 
“Ornithodesmus” cluniculus 
age, 199 
classification (phylogenetic position), 208 
diagnosis, 208 
material, 199, 208 
occurrence, 199 
skeleton, 202 
Ornitholestes, 76 
classification (phylogenetic position), 100, 
106 
dentition, 80 
paleobiology, 110 
skeleton, 84, 88-89 
skull, 79-80, 83, 116 
Ornitholestes hermanni 
age, 76, 106 
classification (phylogenetic position), 100, 
106 
diagnosis, 106 
material, 76, 106 
occurrence, 76, 106 
skeleton, 88 
skull, 83 


Ornithomerus gracilis. See Rnabdodon priscus 
Ornithomimoides barasimlensis, material, 50 
Ornithomimoides mobilis, material, 5O 
Ornithomimus, 138 
biogeography, 149 
brain, 149 
classification (phylogenetic position), 94, 
127, 137, 146-48, 148 
nasal cavity, 647, 648 
paleobiology, 149 
skeleton, 142-45, 143-44 
skull, 139-41, 141, 142 
Ornithomimus edmontonicus 
age, 138, 147 
classification (phylogenetic position), 137, 
147, 148 
manus, 144 
material, 138, 147 
occurrence, 138, 147 
skeleton, 143 
skull, 141 
vertebrae, 143 
Ornithomimus elegans. See Chirostenotes elegans 
“Ornithomimus” grandis 
age, 113 
material, 113 
occurrence, 113 
Ornithomimus minutus, material, 216 
Ornithomimus sedens, material, 139 
Ornithomimus tenuis, material, 139 
Ornithomimus velox 
age, 138, 147 
classification (phylogenetic position), 22, 
147 
material, 137, 138, 147 
occurrence, 137, 138, 147 
Ornithopsis, 266 
classification (phylogenetic position), 307-8 
diagnosis, 307-8 
material, 307 
occurrence, 307 
Ornithopsis eucamerotus, material, 271 
Ornithopsis greppini, material, 271 
Ornithopsis hulkei 
age, 266 
material, 266, 270 
occurrence, 266 
Ornithopsis leedsi, material, 271 
Ornithopsis oxoniensis. See Cetiosaurus 
oxoniensis 
Ornithosuchus, 16, 249 
skull, 13 
Ornithosuchus longidens, 11, 15 
Orodromeus, 395 
Orodromeus makelai 
age, 395 
classification (phylogenetic position), 409, 
410 
dentition, 403 
material, 395 
occurrence, 395 
skeleton, 403-8 
skull, 396-403, 399, 412 
Orthogoniosaurus matleyi, material, 50 
Orthomerus dolloi, material, 443 
Orthomerus weberi, material, 443 
Othnielia, 395 
classification (phylogenetic position), 408 
Othnielia rex 
age, 395 
biogeography, 411 
classification (phylogenetic position), 409, 
410 
dentition, 403 
material, 395 
occurrence, 395 
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Othnielia rex (continued ) 
skeleton, 403-5, 407-8 
skull, 396-97, 402-3 

Otogornis, 213 

Otogornis genghisi 
age, 213 
material, 213 
occurrence, 213 

Ouranosaurus, 413, 417 
paleobiology, 435-37 
skeleton, 426-29 
skull, 418, 421, 424, 447 
taxonomy, 433 

Ouranosaurus nigeriensis 
age, 417, 434 
braincase, 422 
classification (phylogenetic position), 434 
diagnosis, 434 
hyoid bones, 424 
material, 417 
occurrence, 417, 434 
paleobiology, 436 
pelvis, 430 
skeleton, 426-27, 427, 428, 432 
skull, 418, 419-20, 421, 424 
vertebrae, dorsal, 428 

Oviraptor, 166 
classification (phylogenetic position), 

178-80, 182 
eggs, 183 
material, 182 
nesting, 183 
paleoecology, 621, 623 
skeleton, 177 

Oviraptor philoceratops 
age, 166 
classification (phylogenetic position), 178, 

180-81 
eggs, 183 
material, 165, 166, 182 
nesting, 183 
occurrence, 164, 166 
paleoecology, 623 

Ozraptor, 77 

Ozraptor subotaii 
age, 77 
material, 77, 109 
occurrence, 77, 109 


Pachycephalosaurus, 465 
classification (phylogenetic position), 474 
occurrence, 465, 475 
sexual dimorphism, 476 
skull, 468, 469-71, 477 
taxonomy, 474 
Pachycephalosaurus grangeri. See also 
Pachycephalosaurus wyomingensis 
skull, 469 
Pachycephalosaurus reinheimeri. See 
Pachycephalosaurus wyomingensis 
Pachycephalosaurus wyomingensis 
age, 465 
material, 464, 465 
occurrence, 465 
skull, 468, 469-71 
Pachyrhinosaurus, 494, 495 
biogeography, 642 
classification (phylogenetic position), 
508-9, 509 
horns and frills, 512 
skull, 497, 500-502 
Pachyrhinosaurus canadensis 
age, 495 
femur, 507 
material, 495 
occurrence, 495 
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skull, 498, 503 
taphonomy, 510 
tibia, 507 
vertebrae 
dorsal, 504 
syncervical, 504 
Pachysauriscus, material, 236 
Pachysaurops, material, 236 
Pachysaurus ajax, material, 236 
Pachysaurus giganteus, material, 236 
Pachysaurus magnus, material, 236 
Pachysaurus reiningeri, material, 236 
Pachysaurus wetzelianus 
material, 236 
taphonomy, 254 
Pachyspondylus orpenii, material, 236 
Palaeocolymbus barretti. See Enaliornis barretti 
Palaeopteryx thomsoni, material, 199 
Palaeosaurus diagnosticus. See Sellosaurus gracilis 
Palaeosaurus fraserianus, material, 236 
Palaeoscincus africanus. See Paranthodon 
africanus 
Palaeoscincus asper, material, 368 
Palaeoscincus costatus, material, 368 
Palaeoscincus latus, material, 368 
Palaeoscincus rugosidens. See Edmontonia 
rugosidens; Paranthodon africanus 
Paleorhinus bransoni, 11 
Panoplosaurus, 365 
classification (phylogenetic position), 388 
osteoderms, 387 
skeleton, 379-87 
skull, 375-79 
Panoplosaurus mirus 
age, 365, 390 
diagnosis, 390 
material, 365 
occurrence, 365 
size, 390 
skull, 371, 374 
Panoplosaurus rugosidens. See Edmontonia 
rugosidens 
Parahesperornis, 215 
Parahesperornis alexi 
age, 215 
material, 215 
occurrence, 215 
Paralititan, 269, 309 
classification (phylogenetic position), 313 
diagnosis, 313 
material, 313 
occurrence, 313 
Paralititan stromeri 
age, 269 
material, 269 
occurrence, 269 
Paranthodon, 345 
age, 343 
classification (phylogenetic position), 356 
dentition, 349, 361 
occurrence, 343 
skull, 343-50, 348 
Paranthodon africanus 
age, 345 
material, 345, 360 
occurrence, 345, 360 
Paranthodon owenii. See Paranthodon africanus 
Parasaurolophus, 442 
biogeography, 642 
classification (phylogenetic position), 458-59 
skeleton, 456 
skull, 444, 446-48, 449 
taxonomy, 459 
Parasaurolophus cyrtocristatus 
age, 442 
material, 442 


occurrence, 442 
Parasaurolophus tubicen 
age, 442 
material, 442 
occurrence, 442 
Parasaurolophus walkeri 
age, 442 
humerus, 455 
material, 442 
occurrence, 442 
skull, 449 
Parasuchus, skull, 13 
Parksosaurus, 395 
Parksosaurus warreni 
age, 395 
classification (phylogenetic position), 409, 
410 
material, 395 
occurrence, 395 
skeleton, 403-5, 407-8 
skull, 396-403, 399 
Paronychodon, 194 
Paronychodon lacustris, material, 186 
Parrosaurus, material, 443 
Parvicursor, 211 
classification (phylogenetic position), 94 
Parvicursor remotus 
age, 211 
material, 211 
occurrence, 211 
Pasquiaornis, 215 
Pasquiaornis hardiei 
age, 215 
material, 215 
occurrence, 215 
Pasquiaornis tankei 
age, 215 
material, 215 
occurrence, 215 
Passer domesticus, 22, 78-79, 95-96, 100, 104, 
107 
Patagonykus, 211 
classification (phylogenetic position), 224 
Patagonykus puertai 
age, 211 
material, 211 
occurrence, 211 
Patagopteryx, 212 
classification (phylogenetic position), 
221-22, 224, 225 
diagnosis, 225 
paleobiology, 226 
skeleton, 223 
Patagopteryx deferrariisi 
age, 212 
material, 212 
occurrence, 212 
Patagosaurus, 263, 272 
classification (phylogenetic position), 296, 
297, 302 
diagnosis, 302 
material, 302 
occurrence, 302 
skeleton, 282-83, 290, 292 
skull, 273, 278 
taphonomy, 611 
Patagosaurus fariasi 
age, 263 
dentition, 279 
material, 263 
occurrence, 263 
pelvis, 291 
Pawpawsaurus, 365 
classification (phylogenetic position), 388, 
390 
diagnosis, 390 


skeleton, 383 
skull, 373, 375-77, 379 
taphonomy, 391 
Pawpawsaurus campbelli 
age, 365 
material, 365, 390 
occurrence, 365, 390 
Pectinodon. See Troodon 
Pectinodon asiamericanus, material, 186 


Pectinodon bakkeri, 193. See also Troodon formosus 


Peishansaurus philemys, material, 368 
Pekinosaurus olseni, 333 
material, 326 
Pelagornis sedgwicki. See Enaliornis sedgwicki 
Pelecanimimus, 97, 138 
anatomy, 650 
biogeography, 148-49 
classification (phylogenetic position), 137, 
139, 146-48, 148 
dentition, 139, 147, 150 
occurrence, 137, 138, 147-49 
skull, 139, 140, 141-43 
Pelecanimimus polyodon 
age, 137, 138, 147 
classification (phylogenetic position), 147, 
148 
dentition, 139, 147 
material, 137, 138, 147 
occurrence, 137, 138, 147 
skull, 139, 140 
Pellegrinisaurus, 269 
classification (phylogenetic position), 297, 
313 
diagnosis, 313 
material, 313 
occurrence, 313 
Pellegrinisaurus powelli 
age, 269 
material, 269 
occurrence, 269 
Pelorosaurus, 266 
Pelorosaurus becklesii, 314 
integument, 295 
material, 271, 308 
occurrence, 308 
Pelorosaurus conybearei 
age, 266 
classification (phylogenetic position), 308 
diagnosis, 308 
material, 266, 308 
occurrence, 266, 308 
Pelorosaurus mackesoni, 308 
Pentaceratops, 496 
classification (phylogenetic position), 
508-9, 509 
material, 494 
scapulocoracoid, 506 
skull, 494, 499, 500, 502-3 
Pentaceratops fenestratus. See also Pentaceratops 
sternbergii 
skeleton, 505 
Pentaceratops sternbergii. See also Pentaceratops 
fenestratus 
age, 496 
material, 496 
occurrence, 496 
skeleton, 503, 505 
skull, 499, 500 
Peteinosaurus, 13 
Petrolacosaurus, 10 
Phaedrolosaurus ilikensis, material, 78 
Phuwiangosaurus, 268, 272 
classification (phylogenetic position), 297, 
310-11 
diagnosis, 310-11 
material, 311 


occurrence, 311 
skeleton, 282 
skull, 273 
Phuwiangosaurus sirindhornae 
age, 268 
material age, 268 
occurrence, 268 
Phyllodon henkeli, material, 396 
Piatnitzkysaurus, 72 
classification (phylogenetic position), 94, 
96-97 
occurrence, 72, 96, 109 
skeleton, 84, 88, 90-92 
skull, 79 
Piatnitzkysaurus floresi 
age, 72, 96 
classification (phylogenetic position), 96-97 
material, 72, 96 
occurrence, 72, 96 
skeleton, 84, 88, 90-91 
Pinacosaurus, 364 
classification (phylogenetic position), 388 
skeleton, 379-87 
skull, 368-69, 372-79 
Pinacosaurus grangeri 
age, 364, 389 
classification (phylogenetic position), 388, 
389 
diagnosis, 389 
material, 364, 389 
occurrence, 364, 389 
osteoderms, 387 
skeleton, 380, 383-85 
skull, 368-69, 369, 370-71, 373-79 
taphonomy, 391 
Pinacosaurus mephistocephalus 
age, 364 
classification (phylogenetic position), 388, 
389 
diagnosis, 389 
material, 364, 389 
occurrence, 364 
skull, 368, 373 
Pinacosaurus ninghsiensis. See Pinacosaurus 
grangeri 
Pisanosaurus, 17-18, 326 
anatomy, 325, 327, 327, 328, 330-33 
classification (phylogenetic position), 325, 
332, 332-33 
dentition, 329 
diagnosis, 333 
material, 325, 326, 332 
paleoecology, 333 
skeleton, 331-32 
skull, 327-28 
vertebrae, 330 
Pisanosaurus mertii 
age, 25, 326, 333 
anatomy, 325 
classification (phylogenetic position), 40, 
323, 332, 332 
jaw, 327 
material, 325, 326 
maxilla, 327 
occurrence, 25, 326, 333 
Piveteausaurus, 73 
skull, 79 
Piveteausaurus divesensis 
age, 73 
material, 73, 100 
occurrence, 73, 100 
Planicoxa, 413, 414 
Planicoxa venenica, 435 
age, 414 
material, 414 
occurrence, 414 


skeleton, 429 


Platannavis nana, material, 216 
Plateosaurus, 235, 254-58 


astragalus, 246 
braincase, 238 
classification (phylogenetic position), 249 
cranial anatomy, 238 
dentition, 241, 242, 244 
endocranial cast, 238 
femur, 246 

fibula, 246 

forelimb, 245 

hindlimb, 246 
mandible, 238 

material, 236 
occurrence, 232 
paleoecology, 254, 624 
pectoral girdle, 245 
pelvic girdle, 246 

pes, 246 

semicircular canal, 238 
skeleton, 233, 242, 243-49, 245-46 
skull, 237-43, 238, 327 
systematics, 42 
taphonomy, 254, 612 
tibia, 246 

vertebrae, 242 


Plateosaurus bavaricus, material, 236 
Plateosaurus cullingworthi, material, 236 
Plateosaurus engelhardti 


age, 235, 253 
diagnosis, 253 
material, 235, 253 
occurrence, 235, 253 


Plateosaurus erlenbergiensis, material, 237 
Plateosaurus fraasianus. See Plateosaurus 


longiceps 


Plateosaurus intiger. See Plateosaurus longiceps 
Plateosaurus longiceps 


age, 235, 253 

diagnosis, 253 

material, 235, 253-54 
occurrence, 235, 253-54 
paleobiology, 257 
taphonomy, 254 
vertebrae, 244 


Plateosaurus ornatus, material, 237 
Plateosaurus plieningeri, material, 237 
Plateosaurus quenstedti, material, 237 
Plateosaurus stormbergensis, material, 237 
Plateosaurus trossingensis. See Plateosaurus 


longiceps 


Plegadornis antecessor. See Ichthyornis dispar 
Pleurocoelus, 266. See also Astrodon 


classification (phylogenetic position), 296, 
308 

diagnosis, 308 

juvenile, 321 

material, 308 

occurrence, 308 

pes, 296 


Pleurocoelus altus 


age, 266 
material, 266 
occurrence, 266 


Pleurocoelus montanus. See Camarasaurus 


grandis 


Pleurocoelus nanus 


age, 266 
material, 266 
occurrence, 266 


Pleurocoelus valdensis, material, 271 
Pleuropeltus. See Struthiosaurus 
Pleuropeltus suessi. See also Struthiosaurus 


austriacus 
material, 367 
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Podokesaurus, 48 
Podokesaurus holyokensis 
age, 48 
material, 48, 68 
occurrence, 48, 68 
Poekilopleuron, 72 
classification (phylogenetic position), 96 
occurrence, 72, 96, 109 
skeleton, 86 
Poekilopleuron bucklandii, 96 
age, 72, 96 
material, 72, 96 
occurrence, 72, 96 
Poekilopleuron pusillus. See Aristosuchus pusillus 
Poekilopleuron schmidti, material, 78 
“Poekilopleuron” valesdunensis 
age, 72, 97 


classification (phylogenetic position), 96-97 


material, 72, 97 
occurrence, 72, 97, 109 
skull, 79, 80, 84, 97 
Poikilopleuron pusillus, 105 
Polacanthoides ponderosus, material, 368 
Polacanthus, 367 
osteoderms, 387 
skeleton, 379-87 
skull, 376 
Polacanthus becklesi. See Polacanthus foxii 
Polacanthus foxii 
age, 367 
material, 367, 391 
occurrence, 367, 391 
paleobiology, 436 
skeleton, 380, 382, 387 
Polacanthus marshi. See Hoplitosaurus marshi 
Polacanthus rudgwickensis 
age, 367 
material, 367, 391 
occurrence, 367, 391 
Polyodontosaurus. See Troodon 
Polyodontosaurus grandis. See Troodon formosus 
Polyonax, 494 
Polyonax mortuarius, material, 496 
Postosuchus, 11, 14, 16 
Postosuchus kirkpatricki, 11 
Potamornis, 215 
Potamornis skutchi 
age, 215 
material, 215 
occurrence, 215 
Prenocephale, 465 
classification (phylogenetic position), 474, 
474, 476 
occurrence, 465, 475 
skull, 464-71, 467, 477 
Prenocephale brevis, classification 
(phylogenetic position), 474 
Prenocephale edmontonensis, classification 
(phylogenetic position), 474 
Prenocephale prenes 
age, 465 
classification (phylogenetic position), 476 
material, 464, 465 
occurrence, 465 
paleoecology, 476 
skeleton, 471, 473 
skull, 464-71, 467 
Preondactylus, 13 
Prestosuchus chiniquensis, 11 
Priconodon crassus, material, 368 
Priodontognathus, material, 368 
Probactrosaurus, 413, 417 
classification (phylogenetic position), 432, 
434 
paleobiology, 435 
skeleton, 428-29 
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skull, 413, 417, 422-25 

taxonomy, 433, 459 
Probactrosaurus alashanicus 

age, 417 

material, 417 

occurrence, 417 
Probactrosaurus gobiensis 

age, 417, 435 

classification (phylogenetic position), 435 

dentition, 425 

material, 417 

occurrence, 417, 435 

skull, 419 
?Probactrosaurus mazongshanensis 

age, 417 

material, 417 

occurrence, 417 
Proceratosaurus, 76 


classification (phylogenetic position), 106-7 


dentition, 80 

skull, 79-80 
Proceratosaurus bradleyi 

age, 76, 107 


classification (phylogenetic position), 106-7 


material, 76, 106-7 
occurrence, 76, 107 
Procheneosaurus. See Corythosaurus; 
Lambeosaurus 
Procheneosaurus convincens. See Jaxartosaurus 
aralensis 
Procompsognathus, 48 
Procompsognathus triassicus 
age, 48 
classification (phylogenetic position), 64 
material, 48, 68 
occurrence, 48, 68 
skeleton, 61 
Prodeinodon kwangshiensis, material, 78 
Prodeinodon mongoliensis, material, 78 
Prolacerta, 9, 13 
Prolacerta broomi, 11 
Prosaurolophus, 440 
classification (phylogenetic position), 460 
dentition, 452 
skeleton, 456 
skull, 444, 447, 449, 451 
taxonomy, 459 
Prosaurolophus blackfeetensis 
age, 440 
material, 440 
occurrence, 440 
Prosaurolophus maximus 
age, 440 
material, 440 
occurrence, 440 
skeleton, 457 
skull, 447 
Protarchaeopteryx, 216 
feathers, 227 
integument, 227 
paleobiology, 226-27 
skeleton, 218 
Protarchaeopteryx robusta 
age, 216 
material, 216 
occurrence, 216 
Proterochampsa, 16 
Proterochampsa barrionuevoi, 11 
Proterosuchus, 13, 16 
ankle, 10 
skull, 13 
Proterosuchus fergusi, 11 
Protiguanodon. See Psittacosaurus 
Protiguanodon mongoliensis. See Psittacosaurus 
mongoliensis 
Protoavis texensis, material, 216 


Protoceratops, 480 
anatomy, 478-90, 482, 485, 488 
classification (phylogenetic position), 490, 
491, 508, 509 
dentition, 487 
diagnosis, 490 
eggs, 492 
as “fighting dinosaur,” 209, 492, 612, 614 
horns and frills, 508 
nesting, 492 
paleoecology, 623 
posture, 492 
sexual dimorphism, 478, 492 
skull, 478-87, 485, 502 
vertebrae, 487-88, 488 
Protoceratops andrewsi 
age, 480 
anatomy, 478-90 
classification (phylogenetic position), 490 
manus, 488 
material, 480, 490 
occurrence, 480, 490 
paleoecology, 492 
pelvis, 488 
pes, 488 
sexual dimorphism, 492 
skeleton, 482, 488 
skull, 485 
vertebrae, syncervical, 488 
Protoceratops hellenikorhinus 
age, 480, 490 
diagnosis, 490-91 
material, 480 
occurrence, 480, 490 
sexual dimorphism, 492 
size, 490-91 
skull, 485 
Protoceratops kozlowskii. See Bagaceratops 
rozhdestvenskyi 
Protognathosaurus oxyodon, material, 271 
Protohadros, 413, 417 
classification (phylogenetic position), 438, 
458 
paleobiology, 437 
skull, 413, 417-18, 423-25 
taxonomy, 433, 459 
Protohadros byrdi 
age, 417, 434, 458 
classification (phylogenetic position), 435, 
458 
diagnosis, 435 
material, 417, 434-35 
occurrence, 417, 434, 458 
skull, 419 
Protopteryx, 214 
classification (phylogenetic position), 
224-25 
diagnosis, 224-25 
feathers, 227 
integument, 227-28 
Protopteryx fengningensis 
age, 214 
material, 214 
occurrence, 214 
Protorosaurus. See Chasmosaurus 
Protosaurus, 10 
Pseudolagosuchus, 40 
biogeography, 45 
classification (phylogenetic position), 297 
Pseudolagosuchus major, 16 
Psittacosaurus 
age, 479, 492 
anatomy, 478-90, 481, 484 
bone, 655-57 
classification (phylogenetic position), 490, 
491 


dentition, 486, 492 
diet, 492 
herbivory in, 492 
material, 479 
occurrence, 479 
size, 492 
skeleton, 487-90 
“Psittacosaurus fauna,” biogeography, 640 
Psittacosaurus guyangensis 
age, 479 
material, 479 
occurrence, 479 
Psittacosaurus mazongshanensis 
age, 479, 492 
classification (phylogenetic position), 490 
material, 479 
occurrence, 479 
Psittacosaurus meileyingensis 
age, 479 
classification (phylogenetic position), 490 
dentary, 486 
material, 479 
occurrence, 479 
skull, 484, 486 
Psittacosaurus mongoliensis 
age, 479, 492 
anatomy, 478-90 
classification (phylogenetic position), 490 
dentary, 486 
dentition, 486 
forelimb, 492 
forelimb/hindlimb ratio, 492 
growth rate, 492 
hindlimb, 492 
locomotion, 492 
material, 479 
occurrence, 479 
size, 492 
skeleton, 481, 489 
skull, 484 
tail, 488 
vertebrae, 487 
Psittacosaurus neimongoliensis 
age, 479 
classification (phylogenetic position), 490 
material, 479 
occurrence, 479 
skeleton, 481 
skull, 484 
Psittacosaurus ordosensis 
age, 479 
classification (phylogenetic position), 490 
material, 479 
occurrence, 479 
Psittacosaurus osborni 
age, 479 
material, 479 
occurrence, 479 
Psittacosaurus protiguanodonensis. See 
Psittacosaurus mongoliensis 
Psittacosaurus sattayaraki, material, 480 
Psittacosaurus sinensis 
age, 479 
classification (phylogenetic position), 490 
mandible, 486 
material, 479 
occurrence, 479 
skeleton, 489 
skull, 484 
tail, 488 
vertebrae, 487 
Psittacosaurus xinjiangensis 
age, 479 
classification (phylogenetic position), 490 
material, 479 
occurrence, 479 


skeleton, 487 
Psittacosaurus youngi 

age, 479 

material, 479 

occurrence, 479 
Pterodactylus crassipes. See Archaeopteryx 

lithographica 

Pteropelyx grallipes, material, 443 
Pterospondylus trielbae, material, 50 
Pukyongosaurus millenniumi, material, 271 
Pyroraptor, 199 
Pyroraptor olympius 

age, 199 

material, 199 

occurrence, 199 


Qantassaurus, 395 
Qantassaurus intrepidus 
age, 395 
material, 395, 410-11 
occurrence, 395, 410-11 
Qinlingosaurus luonanensis, material, 271 
Quaesitosaurus, 263, 272 
classification (phylogenetic position), 297, 
303 
diagnosis, 303 
material, 303 
occurrence, 303 
skull, 273 
Quaesitosaurus orientalis 
age, 263 
material, 263 
occurrence, 263 
Quetzalcoatlus, biogeography, 642 
Quilmesaurus, 77 
Quilmesaurus curriei 
age, 77 
material, 77, 109 
occurrence, 77, 109 


Rahona. See Rahonavis 
Rahona ostromi. See Rahonavis ostromi 
Rahonavis, 24, 211 
age, 223 
biogeography, 225 
classification (phylogenetic position), 223, 
224 
material, 222 
occurrence, 211, 221, 223 
reconstruction, 222 
skeleton, 206, 222 
Rahonavis ostromi 
age, 211 
material, 193, 211 
occurrence, 193, 211 
Rapator, 74 
Rapator ornitholestoides 
age, 74 
material, 74, 100 
occurrence, 74, 100 
Rapetosaurus, 270, 303 
classification (phylogenetic position), 313 
diagnosis, 313 
material, 313 
occurrence, 313 
skeleton, 284 
skull, 273 
Rapetosaurus krausei 
age, 270 
material, 270 
occurrence, 270 
Rayososaurus, 264, 273, 303 
classification (phylogenetic position), 297, 
304 
diagnosis, 304 
material, 304 


occurrence, 304 
skeleton, 287 
skull, 273-74, 276 
Rayososaurus agrioensis 
age, 264 
material, 264, 304 
occurrence, 264, 304 
Rayososaurus tessonei 
age, 264 
material, 264, 304 
occurrence, 264, 304 
Rebbachisaurus, 263 
classification (phylogenetic position), 304 
diagnosis, 304 
material, 304 
occurrence, 304 
Rebbachisaurus garasbae 
age, 263 
material, 263, 304 
occurrence, 263, 304 
Rebbachisaurus tamesnensis, 304. See also 
Nigersaurus taqueti 
Rebbachisaurus tessonei. See Rayososaurus 
tessonei 
Regnosaurus, 345 
age, 343 
cranial anatomy, 361 
occurrence, 343 
skull, 343-50 
Regnosaurus northamptoni 
age, 345 
material, 345 
occurrence, 345 
Revueltosaurus callenderi, 333 
material, 326 
Rhabdodon, 414 
biogeography, 641 
classification (phylogenetic position), 432 
Rhabdodon priscus 
age, 414 
material, 414, 434-35 
occurrence, 414, 434-35 
skeleton, 408, 430 
Rhabdodon septimanicus 
age, 414 
material, 414 
occurrence, 414 
Rhadinosaurus alcinus, material, 368 
Rhamphorhynchus crassipes. See Archaeopteryx 
lithographica 
Rhodanosaurus ludgunensis, material, 368 
Rhoetosaurus, 261 
age, 299 
classification (phylogenetic position), 299 
material, 299 
occurrence, 299 
Rhoetosaurus brownei 
age, 261 
material, 261 
occurrence, 261 
Ricardoestesia, 77 
unnamed species, 77 
Ricardoestesia gilmorei 
age, 77, 108 
classification (phylogenetic position), 108 
material, 77, 108 
occurrence, 77, 108 
Ricardoestesia isosceles 
age, 77 
material, 77 
occurrence, 77 
Rinchenia, 166 
diagnosis, 182 
material, 182 
skeleton, 174, 177-78, 182 
skull, 168, 168, 170, 182 


GENERA AND SPECIES INDEX 803 


Rinchenia mongoliensis, 179 
age, 166 
classification (phylogenetic position), 180, 
181 
ilium, 177 
material, 166 
occurrence, 166 
paleoecology, 623 
skull, 168 
Rioarribasaurus colberti, 68 
Riojasaurus, 235 
braincase, 240 
classification (phylogenetic position), 249, 
250 
dentition, 243 
femur, 247 
manus, 245 
occurrence, 232 
paleobiology, 254-58 
paleoecology, 254 
pelvic girdle, 247 
pes, 247 
skeleton, 233, 243-49, 245, 247 
skull, 237-43, 240 
taphonomy, 254 
Riojasaurus incertus 
age, 235, 251 
diagnosis, 251 
material, 235, 251 
occurrence, 235, 251 
taphonomy, 254 
Riojasuchus, 16 
ankle, 10 
Riojasuchus tenuiceps, 11 
Rocasaurus, 270 
classification (phylogenetic position), 313 
diagnosis, 313 
material, 313 
occurrence, 313 
Rocasaurus muniozi 
age, 270 
material, 270 
occurrence, 270 
Ruehleia 
classification (phylogenetic position), 249 
occurrence, 232, 235, 254 
skeleton, 244 
Ruehleia bedheimensis 
age, 235, 254 
diagnosis, 254 
material, 235, 254 
occurrence, 235, 254 


Saichania, 364 
classification (phylogenetic position), 
388 
osteoderms, 387 
skeleton, 379-87 
skull, 368-69, 372-79 
Saichania chulsanensis 
age, 364, 389 
classification (phylogenetic position), 389 
diagnosis, 389 
material, 364 
occurrence, 364, 389 
skull, 374 
Saltasaurus, 270, 272 
classification (phylogenetic position), 249, 
297, 302, 309, 314 
diagnosis, 314 
material, 314 
occurrence, 314 
osteoderm, 295 
skeleton, 278, 284-87, 289, 313 
skull, 273-74 
“Saltasaurus australis,” 313 
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Saltasaurus loricatus 
age, 270 
material, 270 
occurrence, 270 
Saltasaurus robustus 
age, 270 
material, 270 
occurrence, 270 
sternal plate, 288 
Saltoposuchus, 17 
Saltopus, 17,26 
paleoecology, 46 
skeleton 
appendicular, 33, 38 
axial, 30-33 
Saltopus elginensis 
age, 26 
classification (phylogenetic position), 44 
material, 26, 28 
occurrence, 26, 28 
Sanpasaurus yaoi, material, 271, 443 
Santanaraptor, 114 
Santanaraptor placidus 
age, 114, 133 
classification (phylogenetic position), 133 
diagnosis, 133 
material, 114, 133 
occurrence, 114, 133 
Sapeornis, 216 
Sapeornis chaoyangensis 
age, 216 
material, 216 
occurrence, 216 
Sarcolestes, 367 
Sarcolestes leedsi 
age, 367 
material, 367, 391 
occurrence, 367, 391 
Sarcosaurus, 50 
Sarcosaurus andrewsi, 99 
material, 50 
Sarcosaurus woodi 
age, 50 
material, 50 
occurrence, 50 
Sarcosuchus, biology, 110 
Saturnalia 
classification (phylogenetic position), 249, 
250 
paleobiology, 258 
paleoecology, 46 
size, 46 
skeleton, 243-49 
appendicular, 38 
skull, 237-43 
systematics, 40-41, 43 
taphonomy, 254 
Saturnalia tupiniquim 
age, 26, 235, 250 
classification (phylogenetic position), 26, 
250 
material, 26, 235, 250 
occurrence, 26, 235, 250 
size, 250 
Saurolophus, 441 
biogeography, 642 
classification (phylogenetic position), 459 
skull, 444-45, 447, 449-51 
taxonomy, 459 
Saurolophus angustirostris 
age, 441 
material, 441 
occurrence, 441 
paleoecology, 461 
skeleton, 453-54 
skull, 447 


Saurolophus kryschtofovici, material, 443 
Saurolophus osborni 
age, 441 
material, 441 
occurrence, 441 
paleoecology, 461 
Sauropelta, 365 
classification (phylogenetic position), 388, 
390 
diagnosis, 390 
skeleton, 379-87 
unnamed species, 365 
Sauropelta edwardsorum 
age, 365 
coracoid, 384 
dentition, 379 
femur, 386 
humerus, 385 
material, 365, 390 
occurrence, 365, 390 
radius, 385 
scapula, 384 
sternal elements, 384 
tibia, 386 
ulna, 385 
vertebrae, 380 
distal caudal, 382 
Saurophaganax, 75 
classification (phylogenetic position), 102-3 
paleobiology, 110 
skeleton, 86, 90 
Saurophaganax maximus 
age, 75, 103 
classification (phylogenetic position), 103 
material, 75, 103 
occurrence, 75, 103 
skeleton, 90 
Saurophagus. See Saurophaganax 
Saurophagus maximus. See Saurophaganax 
maximus 
Sauroplites scutiger, material, 368 
Sauroposeidon, 267, 273 
classification (phylogenetic position), 309 
diagnosis, 309 
material, 309 
occurrence, 309 
Sauroposeidon proteles 
age, 267 
material, 267 
occurrence, 267 
Saurornithoides, 185 
classification (phylogenetic position), 94, 
193-94, 194 
Saurornithoides junior 
age, 185, 193 
classification (phylogenetic position), 
193-94, 194 
dentition, 187 
diagnosis, 193 
material, 185, 193 
occurrence, 185, 193 
size, 193 
skeleton, 191-92 
skull, 186, 187-89, 193 
Saurornithoides mongoliensis 
age, 185, 192 
biogeography, 194 
classification (phylogenetic position), 
193-94, 194 
diagnosis, 192 
material, 185, 192-93 
occurrence, 185, 192 
pedal digits, 192 
skeleton, 191 
skull, 187-89 
Saurornitholestes, 198 


paleoecology, 208-9 
skeleton, 201-3 
skull, 197, 200 
?Saurornitholestes, bone, 658 
Saurornitholestes langstoni 
classification (phylogenetic position), 206, 
207, 208 
diagnosis, 208 
material, 208 
skull, 197 
Sauros galilei, 11 
Saurosuchus 
paleoecology, 45 
skull, 13 
Sazavis, 214 
Sazavis prisca 
age, 214 
material, 214 
occurrence, 214 
Scansoriopteryx. See Epidendrosaurus 
Scansoriopteryx heilmanni. See Epidendrosaurus 
ningchenensis 
Scaphognathus crassipes. See Archaeopteryx 
lithographica 
Scelidosaurus, 336 
anatomy, 335-41, 340, 342 
armor, 341 
classification (phylogenetic position), 
341-42, 342 
paleoecology, 342 
skeleton, 339-41, 340 
skull, 335-39, 336, 424 
stance, 342 
systematics, 41, 43 
Scelidosaurus harrisonii 
age, 336, 342 
classification (phylogenetic position), 
341-42, 342 
hindlimb, 340 
material, 336, 342 
occurrence, 336, 342 
pelvic girdle, 340 
skeleton, 340 
skull, 336 
stance, 342 
Scelidosaurus oehleri. See Tatisaurus oehleri 
Scipionyx, 76 
anatomy, 651-54, 652 
body cavity, 651-54, 652 
classification (phylogenetic position), 105-6 
dentition, 80 
occurrence, 628 
skeleton, 84, 87-88, 106 
skull, 79-80 
Scipionyx samniticus 
age, 76, 105 
classification (phylogenetic position), 105-6 
hyoid, 84 
material, 76, 105 
occurrence, 76, 105 
skeleton, 88, 106 
soft tissues, 94 
Scleromochlus, 8, 10-11, 13, 15, 17, 249 
skeleton, 14 
Scolosaurus. See Euoplocephalus 
Scolosaurus cutleri. See Euoplocephalus tutus 
Scrotum humanum, material, 78 
Scutellosaurus, 336 
anatomy, 335, 338-41, 340, 342 
armor, 341 
classification (phylogenetic position), 332, 
341-42 
diet, 342 
paleoecology, 342 
skeleton, 339-41, 340 
skull, 335, 338-39 


stance, 342 
Scutellosaurus lawleri 
age, 336, 342 
classification (phylogenetic position), 
341-42, 342 
dentary, 336 
hindlimb, 340 
material, 336, 342 
maxilla, 336 
occurrence, 336, 342 
pelvic girdle, 340 
skeleton, 340 
Secernosaurus, 439 
skeleton, 456 
Secernosaurus koerneri 
age, 439 
material, 439, 460-61 
occurrence, 439, 460-61 
Segisaurus, 48 
size, 69 
skeleton, 58, 61, 87 
Segisaurus halli 
age, 48, 68 
classification (phylogenetic position), 68 
material, 48, 68 
occurrence, 48, 68 
skeleton, 61 
Segnosaurus, 152 
age, 152, 163 
classification (phylogenetic position), 151, 
160, 162 
dentition, 155, 162 
paleoecology, 163 
skeleton, 156, 156-58, 158-59, 161 
skull, 154-55 
Segnosaurus galbinensis 
age, 152 
astragalus, 159 
calcaneum, 159 
dentition, 162 
diagnosis, 162 
fibula, 159 
humerus, 156 
material, 152, 160 
metatarsals, 159 
occurrence, 152, 160 
pelvis, 158 
tibia, 159 
Seismosaurus, 265 
classification (phylogenetic position), 305 
diagnosis, 305 
material, 305 
occurrence, 305 
size, 305 
Seismosaurus halli 
age, 265 
material, 265 
occurrence, 265 
Sellosaurus, 232, 236 
classification (phylogenetic position), 249, 
250 
dentition, 243 
diagnosis, 237 
paleobiology, 255 
paleoecology, 254 
pes, 247 
skeleton, 243-49, 244 
skull, 237-43 
systematics, 42 
taphonomy, 254 
Sellosaurus fraasi, material, 237 
Sellosaurus gracilis 
age, 236, 253 
diagnosis, 253 
material, 236, 253 
occurrence, 236, 253 


paleobiology, 257 
size, 253 
taphonomy, 254 
vertebrae, 244 
Shamosaurus, 364 
classification (phylogenetic position), 388, 
388-89 
diagnosis, 388-89 
osteoderms, 387 
Shamosaurus scutatus 
age, 364, 388 
classification (phylogenetic position), 
388-89 
diagnosis, 388-89 
material, 364 
occurrence, 364 
Shanshanosaurus, 130 
?Shanshanosaurus. See Tarbosaurus 
Shanshanosaurus houyanshanensis, 132. See also 
Tarbosaurus bataar 
cervical vertebrae, 121 
skeleton, 84 
skull, 116 
Shansisuchus, 16 
Shantungosaurus, 441 
skull, 450-51 
Shantungosaurus giganteus 
age, 441 
material, 441, 460 
occurrence, 441, 460 
size, 462 
skull, 448, 448 
Shanxia tianzhensis, 389 
material, 368 
Shanyangosaurus, 77 
age, 77, 78, 108 
Shanyangosaurus niupanggouensis 
age, 77, 108 
classification (phylogenetic position), 108 
material, 77, 108 
occurrence, 77, 108 
Shenzhousaurus, 138 
biogeography, 148 
classification (phylogenetic position), 139, 
147, 148 
gastroliths, 149 
skeleton, 142, 144-45 
skull, 142 
Shenzhousaurus orientalis 
age, 138, 147 
classification (phylogenetic position), 147, 
148 
material, 137, 138, 147 
occurrence, 137, 138, 147 
Shuangmiaosaurus, 417 
Shuangmiaosaurus gilmorei 
age, 417 
material, 417 
occurrence, 417 
Shunosaurus, 262, 272 
classification (phylogenetic position), 249, 
249, 296, 297, 301 
dentition, 316 
diagnosis, 301 
forelimb/hindlimb ratio, 319 
mandible, 274 
material, 301 
neck function and posture, 318 
occurrence, 301 
paleoecology, 316 
skeleton, 260, 280, 282-83, 285, 287-88, 
290, 294-95 
skull, 273-79, 274 
tail, 320 
Shunosaurus lii 
age, 262 
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Shunosaurus lii (continued ) 
manus, 289 
material, 262 
occurrence, 262 
pes, 296 
skeleton, 260 
sternal plate, 288 
Shuvosaurus, Classification (phylogenetic 
position), 146 
Shuvuuia, 211, 222 
classification (phylogenetic position), 94, 
224 
Shuvuuia deserti 
age, 211 
material, 211 
occurrence, 211 
Siamosaurus suteethorni, material, 78 
Siamotyrannus, 74 
classification (phylogenetic position), 101 
skeleton, 86 
Siamotyrannus isanensis 
age, 74, 101 
classification (phylogenetic position), 101 
material, 74, 101 
occurrence, 74, 101 
Sigilmassasaurus, 74 
paleobiology, 110 
Sigilmassasaurus brevicollis 
age, 74 
material, 74, 100 
occurrence, 74, 100 
Siluosaurus zhangqiani, material, 396 
Silvisaurus, 365 
classification (phylogenetic position), 388, 
390 
diagnosis, 390 
skull, 377, 379 
Silvisaurus condrayi 
age, 365 
material, 365, 390 
occurrence, 365, 390 
Sinocoelurus fragilis, material, 78 
Sinornis, 214, 221 
classification (phylogenetic position), 224 
material, 222 
reconstruction, 222 
skeleton, 222 
Sinornis santensis 
age, 214 
material, 214 
occurrence, 214 
Sinornithoides 
age, 185 
material, 185, 222 
occurrence, 185 
reconstruction, 222 
skeleton, 222 
Sinornithoides youngi 
age, 185, 193 
classification (phylogenetic position), 194 
clavicle, 191 
dentition, 189 
diagnosis, 193 
humerus, 191 
material, 185, 193 
occurrence, 185, 193 
radius, 191 
scapulocoracoid, 191 
skeleton, 189-91, 190-91 
skull, 187-89 
ulna, 191 
vertebrae, 190 
Sinornithomimus, 138 
classification (phylogenetic position), 
147-48 
gastroliths, 149 
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skeleton, 143-44 
skull, 140-42 
Sinornithomimus dongi 
age, 138, 147 
classification (phylogenetic position), 147 
material, 137, 138, 147 
occurrence, 137, 138, 147 
Sinornithosaurus 
classification (phylogenetic position), 207, 
207 
feathers, 206 
integument, 206, 227 
skeleton, 197, 202-4, 219 
Sinornithosaurus millenii 
age, 198 
classification (phylogenetic position), 207, 
207 
diagnosis, 208 
filamentous integumentary covering, 197 
material, 196, 198, 208 
metapodia, 184 
occurrence, 196, 198 
scapulocoracoid, 197 
size, 208 
skeleton, 204 
skull, 197 
Sinosauropteryx, 76 
anatomy, 651-54, 652 
body cavity, 651-54, 652 
classification (phylogenetic position), 104-5 
gut contents, 109 
integument, 71, 93-94, 227, 227-28 
paleobiology, 226 
paleoecology, 623 
skeleton, 84, 88-89, 89, 105, 105 
skull, 79 
Sinosauropteryx prima 
age, 76, 105 
anatomy, 652 
classification (phylogenetic position), 105 
forelimb, 89 
material, 76, 105 
occurrence, 76, 105 
skeleton, 88, 105, 105 
thorax, 652 
“Sinosaurus,” vertebrae, 244 
Sinovenator, 22, 185 
classification (phylogenetic position), 194, 
194 
Sinovenator changii 
age, 185 
braincase, 187 
classification (phylogenetic position), 194, 
194 
dentition, 187, 193 
diagnosis, 193 
material, 185, 193 
metatarsus, 192, 193 
occurrence, 185, 193 
skeleton, 191-93 
skull, 187-89, 193 
Sinraptor, 74 
classification (phylogenetic position), 94, 
99-102 
skeleton, 84, 86-87, 92-93 
skull, 79, 79-84 
Sinraptor dongi 
classification (phylogenetic position), 101-2 
face-bite wounds, 110 
paleobiology, 110 
skeleton, 84, 92-93 
skull, 79, 80-84 
Sinraptor heping 
age, 74 
material, 74 
occurrence, 74 


Sinraptor hepingensis 


age, 74 

classification (phylogenetic position), 102 
material, 74, 102 

occurrence, 74, 102 


Sonorasaurus thompsoni, material, 271 
Soroavisaurus, 214 
Soroavisaurus australis 


age, 214 
material, 214 
occurrence, 214 


Sphaerotholus, 465 
Sphaerotholus buchholtzae 


age, 465 
material, 465 
occurrence, 465 


Sphaerotholus goodwini 


age, 465 
material, 465 
occurrence, 465 


Sphenodon, anatomy, 651 
Sphenospondylus gracilis. See Iguanodon 


atherfieldensis 


Sphenosuchus, 17, 220 
Spinosaurus, 73 


classification (phylogenetic position), 97-98 
occurrence, 73, 98, 109 

paleobiology, 110, 436 

size, 21 


Spinosaurus aegyptiacus 


age, 73, 98 

classification (phylogenetic position), 97-98 

dentition, 98 

display structures, 110 

mandible, 98 

material, 73, 95-96, 98 

occurrence, 73, 95-96, 98 

tib, 98 

tibia, 98 

vertebrae, 98 
“Spinosaurus B,” 100 


Spinosaurus maroccanus 


age, 73 
material, 73, 98 
occurrence, 73, 98 


Spondylosoma, 26 


skeleton 
appendicular, 33 
axial, 30, 32 


Spondylosoma absconditum 


age, 26 

classification (phylogenetic position), 43-44 
material, 26, 28 

occurrence, 26, 28 


Stagonolepis, 13 


skull, 13 


Stagonolepis robertsoni, 11 
Staurikosaurus, 24, 26 


classification (phylogenetic position), 94, 


249 
dentition, 30 
diet, 45 
mandible, 28, 30 
size, 45 
skeleton 
appendicular, 33-39 
axial, 30-33 
systematics, 40-44 
tail, 45 
Staurikosaurus pricei 
age, 26 
body silhouette, 27 
crus, 38 
femur, 36 


mandible, 29 
material, 26, 28 


occurrence, 25, 26 

pelvis, 35 

systematics, 40 

vertebral column, 31 
Stegoceras, 465 

classification (phylogenetic position), 474, 

474 

skull, 464-71, 467, 477 
Stegoceras breve. See Stegoceras validum 
Stegoceras browni. See Ornatotholus browni 
Stegoceras edmontonense 

age, 466 

material, 466 

occurrence, 466, 475 

skull, 469 

taxonomy, 474 
Stegoceras lambei. See Stegoceras validum 
Stegoceras validum 

age, 465 

classification (phylogenetic position), 490 

material, 464, 465 

occurrence, 465, 475 

paleoecology, 461 

sexual dimorphism, 476 

skeleton, 471, 473 

skull, 464-71, 467 

taphonomy, 475 

taxonomy, 474 
Stegopelta, 367 
Stegopelta landerensis 

age, 367 

material, 367 

occurrence, 367 

skeleton, 379 
Stegosaurides excavatus, material, 368 
Stegosaurus, 345 

age, 359 

armor, 355-56, 361-62 

astragalus, 352 

braincase, 347 

calcaneum, 352 

carpals, 352 

classification (phylogenetic position), 

356-58 

coracoid, 352 

cranial anatomy, 347, 360-61 

dentition, 349, 361 

diagnosis, 359 

endocranial cast, 347 

femur, 352 

fibula, 352 

forelimb, 352 

growth, 360 

hindlimb, 352 

humerus, 352 

locomotion, 361 

mandible, 347 

manual ungual, 352 

manus, 352 

material, 359 

metatarsal, 352 

occurrence, 343, 359 

osteoderm, 355-56 

pectoral girdle, 352 

pelvic girdle, 351 

pes, 352 

radius, 352 

sacrum, 351 

scapula, 352 

size, 359 

skeleton, 346, 351-55, 360 

skull, 343-50, 347-48, 359 

tail, 361 

taphonomy, 360 

taxonomy, 357-58 

thermoregulation in, 362 


tibia, 352 
ulna, 352 
vertebrae, 350 
Stegosaurus affinis, material, 345 
Stegosaurus armatus 
age, 345 
diagnosis, 359 
material, 345, 359 
occurrence, 345 
osteoderm, 359 
skeleton, 359 
skull, 359 
Stegosaurus duplex. See Stegosaurus armatus 
Stegosaurus longispinus 
age, 345 
diagnosis, 359 
material, 345 
occurrence, 345 
osteoderm, 356 
size, 359 
skeleton, 359 
Stegosaurus madagascariensis, material, 326 
Stegosaurus marshi. See Hoplitosaurus marshi 
Stegosaurus priscus. See Lexovisaurus 
durobrivensis 
Stegosaurus stenops 
age, 345 
classification (phylogenetic position), 356 
diagnosis, 359 
material, 345 
occurrence, 345 
osteoderm, 356 
skeleton, 359 
skull, 347, 359 
taphonomy, 360 
Stegosaurus sulcatus. See Stegosaurus armatus 
Stenonychosaurus. See Troodon 
Stenonychosaurus inequalis, 193. See also 
Troodon formosus 
Stenopelix, 465 
age, 465, 475 
biogeography, 149 
classification (phylogenetic position), 474, 
474-75 
occurrence, 465, 475 
paleobiology, 134 
Stenopelix valdensis 
age, 464, 465 
material, 464, 465 
occurrence, 465 
skeleton, 471, 473 
Stenotholus. See Stygimoloch 
Stenotholus kohleri. See Stygimoloch spinifer 
Stereocephalus. See Euoplocephalus 
Stereocephalus tutus. See Euoplocephalus tutus 
Sterrholophus. See Triceratops 
Stokesosaurus, 112 
age, 111 
classification (phylogenetic position), 111, 
114 
occurrence, 111 
paleobiology, 110, 133-34 
skeleton, 124 
skull, 115 
Stokesosaurus clevelandi 
age, 112, 128 
braincase, 128, 133 
classification (phylogenetic position), 128 
dentition, 128 
diagnosis, 128 
ilium, 128 
material, 112, 128 
occurrence, 112, 128 
size, 128 
Strenusaurus procerus, material, 237 
Streptospondylus, 74 


Streptospondylus altdorfensis, 100 
age, 74 
material, 74 
occurrence, 74 
Streptospondylus cuvieri, 97 
material, 78 
Streptospondylus major. See Iguanodon anglicus 
Struthiomimus, 137, 138 
biogeography, 149 
classification (phylogenetic position), 94, 
146-48, 148 
skeleton, 142-45, 144-45 
skull, 139-42 
Struthiomimus altus 
age, 138, 147 
classification (phylogenetic position), 147, 
148 
manus, 144 
material, 138, 147 
occurrence, 138, 147 
paleobiology, 149 
pes, 145 
scapulocoracoid, 144 
skeleton, 147 
Struthiomimus currelli. See Ornithomimus 
edmontonicus 
Struthiomimus samueli. See Ornithomimus 
edmontonicus 
Struthiosaurus, 366 
classification (phylogenetic position), 390 
skeleton, 379-87 
Struthiosaurus austriacus 
age, 366 
material, 366, 390-91 
occurrence, 366, 390-91 
taphonomy, 391 
Struthiosaurus languedocensis 
age, 366 
material, 366, 390-91 
occurrence, 366, 390-91 
pelvis, 381 
synsacrum, 381 
Struthiosaurus transylvanicus 
age, 366 
material, 366, 390-91 
occurrence, 366, 390-91 
Stygimoloch, 466 
classification (phylogenetic position), 474, 
474-75 
occurrence, 466, 475 
sexual dimorphism, 476 
skull, 469-70, 477 
Stygimoloch spinifer 
age, 466 
material, 464, 466 
occurrence, 466 
skeleton, 471 
skull, 469-70 
Styracosaurus, 495 
classification (phylogenetic position), 
508-9, 509 
skull, 497-98, 500 
Styracosaurus albertensis 
age, 495 
femur, 507 
material, 495 
occurrence, 495 
scapula, 506 
skeleton, 503, 505 
skull, 498 
taphonomy, 510 
tibia, 507 
vertebrae 
dorsal, 504 
syncervical, 504 
Styracosaurus ovatus, material, 496 
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Styracosaurus parksi. See Styracosaurus 
albertensis 
Suchomimus, 72 
classification (phylogenetic position), 94, 
97-98 
skeleton, 84, 85 
skull, 79, 83 
Suchomimus tenerensis 
age, 72 
classification (phylogenetic position), 98 
diagnosis, 98 
material, 72, 98 
occurrence, 72, 98 
skeleton, 85 
skull, 83 
Supersaurus, 265 
classification (phylogenetic position), 305 
diagnosis, 305 
material, 305 
occurrence, 305 
Supersaurus vivianae 
age, 265 
material, 265 
occurrence, 265 
Sygonosaurus macrocercus, material, 368 
Symphyrophus. See Camptosaurus 
Symphyrophus musculosus. See Camptosaurus 
dispar 
Syntarsus 
age, 48, 68 
bone, 655-58 
braincase, 54 
classification (phylogenetic position), 94 
dentition, 54-55 
material, 48, 68-70 
occurrence, 48, 68 
paleoecology, 621 
skeleton, 56, 56-57, 57, 58, 58, 60-62, 
62-63, 63, 87 
skull, 51-53, 68 
systematics, 68 
vertebrae, 55-57 
Syntarsus kayentakatae 
age, 48, 68 
astragalocalcaneum, 62 
braincase, 54 
classification (phylogenetic position), 68 
cranial ornamentation, 52, 69 
dentition, 54-55 
diagnosis, 68 
femur, 61 
fibula, 62 
material, 48, 68-70 
occurrence, 48, 68 
paleobiology, 69-70 
pectoral girdle, 58 
pes, 63 
skeleton, 56, 56, 58, 60-61, 61-62, 63, 63 
skull, 52, 53, 68 
tibia, 62 
vertebrae, 56 
Syntarsus rhodesiensis 
age, 48, 68 
bone, 657 
classification (phylogenetic position), 68 
dentition, 54 
fibula, 62 
forelimb, 59 
manus, 60 
material, 48, 68-70, 257 
occurrence, 48, 68 
palate, 53 
paleobiology, 69-70 
pelvis, 60 
sacrum, 57 
skeleton, 56, 60, 63 
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skull, 52, 53, 68 

tibia, 62 

vertebrae, 55, 56 
Syrmosaurus disparoserratus, material, 368 
Syrmosaurus viminicaudus. See Pinacosaurus 

grangeri 

Szechuanosaurus campi, 94 

material, 78 

skeleton, 89 
Szechuanosaurus yandonensis, material, 78 
“Szechuanosaurus” zigongensis 

age, 72, 94 

classification (phylogenetic position), 94-95 

humerus, 95 

material, 72, 94 

metacarpus, 95 

occurrence, 72, 94 

pelvis, 95 

phalanges, 95 

skeleton, 88-90, 92 


Talarurus, 364 
classification (phylogenetic position), 388, 
389 
diagnosis, 389 
skeleton, 383, 387 
skull, 371, 373, 376 
taphonomy, 391 
Talarurus plicatospineus 
age, 364, 389 
material, 364, 389 
occurrence, 163, 364, 389 
Tangvayosaurus, 268 
classification (phylogenetic position), 311 
diagnosis, 311 
material, 311 
occurrence, 311 
Tangvayosaurus hoffeti 
age, 268 
material, 268 
occurrence, 268 
Tanius, 439 
classification (phylogenetic position), 457 
skull, 450 
Tanius chingkankouensis. See Tanius sinensis 
Tanius laiyangensis. See Tsintaosaurus 
spinorhinus 
Tanius sinensis 
age, 439 
material, 439, 460 
occurrence, 439, 460 
skull, 444 
Tanystrophaeus posthumus, material, 50 
Tanystrophaeus willistoni, material, 50 
Tanystrosuchus, material, 50 
Tarascosaurus, 50, 67 
classification (phylogenetic position), 67 
Tarascosaurus salluvicus 
age, 50, 67 
material, 50 
occurrence, 50, 67 
Tarbosaurus, 112-13. See also Tyrannosaurus 
classification (phylogenetic position), 
130-31 
diagnosis, 131-32 
paleobiology, 134 
paleoecology, 621 
skeleton, 119, 122-24 
skull, 111, 115-19 
Tarbosaurus bataar 
age, 113 
classification (phylogenetic position), 127, 
132 
dentition, 120 
femur, 126 
gastralia, 122 


manus, 124 
material, 111, 113, 132 
occurrence, 113, 132 
palatal elements, 117 
size, 111 
skull, 119 
tibia, 126 
vertebrae, 121 
Tarbosaurus efremovi. See Tarbosaurus bataar 
Tarchia, 364 
classification (phylogenetic position), 388, 
389 
dentition, 392 
osteoderms, 387 
paleoecology, 392 
skull, 374, 376-78 
Tarchia gigantea 
age, 364, 389 
diagnosis, 389 
material, 364 
occurrence, 364, 389 
Tarchia kielanae. See Tarchia gigantea 
Tatisaurus, 336 
classification (phylogenetic position), 342 
Tatisaurus oehleri 
age, 336 
classification (phylogenetic position), 342 
material, 336 
occurrence, 336 
Taveirosaurus costai, material, 326 
Tawasaurus, classification (phylogenetic 
position), 332 
Tawasaurus minor, 333 
material, 237 
Technosaurus, 326 
classification (phylogenetic position), 325, 
332, 332, 333 
dentition, 329 
material, 232 
paleoecology, 333 
skull, 327, 328 
Technosaurus smalli 
age, 326, 333 
anatomy, 325 
classification (phylogenetic position), 332, 
333 
jaw, 327 
material, 325, 326 
occurrence, 326, 333 
Tecovasaurus murryi, 333 
Tehuelchesaurus, 263 
classification (phylogenetic position), 297, 
301 
diagnosis, 301 
material, 301 
occurrence, 301 
Tehuelchesaurus benitezii 
age, 263 
material, 263 
occurrence, 263 
Teinurosaurus sauvagei, material, 78 
Telmatosaurus, 437, 439 
classification (phylogenetic position), 
457-58 
dentition, 452 
diagnosis, 458 
paleoecology, 461 
skeleton, 454 
skull, 424, 443-52 
taxonomy, 459 
Telmatosaurus transsylvanicus 
age, 439 
material, 439 
occurrence, 438, 439 
skull, 444 
Tendaguria, 261, 310 


classification (phylogenetic position), 299 
diagnosis, 299 
material, 299 
occurrence, 299 
Tendaguria tanzaniensis 
age, 261 
material, 261 
occurrence, 261 
Tenontosaurus, 413, 414 
biogeography, 435 
classification (phylogenetic position), 432 
paleoecology, 622-23 
skeleton, 425-26, 428-30, 432 
skull, 413, 417-18, 422-23 
taphonomy, 612 
Tenontosaurus dossi 
age, 414 
braincase, 422 
classification (phylogenetic position), 432 
diagnosis, 432 
material, 414 
occurrence, 414, 432 
skeleton, 425 
skull, 417-18, 420 
taxonomy, 433 
Tenontosaurus tilletti 
age, 414 
classification (phylogenetic position), 432 
diagnosis, 432 
femur, 431 
material, 414 
occurrence, 414, 432 
pelvis, 430 
skeleton, 425, 426 
skull, 413, 417, 418 
taxonomy, 433 
Teratornis, 230 
Teratosaurus minor, material, 237 
Teratosaurus trossingensis, material, 237 
Terrestrisuchus, 17 
Tetragonosaurus cranibrevis. See Corythosaurus 
casuarius 
Tetragonosaurus erectofrons. See Corythosaurus 
casuarius 
Tetragonosaurus praeceps. See Lambeosaurus 
lambei 
Tetrasauropus, paleoecology, 254 
Texasetes, 367 
Texasetes pleurohalio 
age, 367 
material, 367, 391 
occurrence, 367, 391 
“Texas Pleurocoelus,” 266 
Teyuwasu barberenai, material, 26 
Thecocoelurus, material, 167 
Thecodontosaurus, 232, 236 
age, 232 
braincase, 241 
classification (phylogenetic position), 249, 
250 
dentition, 241, 243 
manus, 245 
material, 232 
occurrence, 232 
paleobiology, 254-58 
skeleton, 233, 243-49, 245 
skull, 237-43, 239, 241 
systematics, 42-43 
taphonomy, 254 
Thecodontosaurus antiquus 
age, 236, 250 
classification (phylogenetic position), 250 
material, 236, 250 
occurrence, 236, 250 
paleobiology, 257 
size, 250 


taphonomy, 254 
Thecodontosaurus dubius, material, 237 
Thecodontosaurus gibbidens, material, 326 
Thecodontosaurus hermannianus. See Sellosaurus 
gracilis 
Thecodontosaurus minor, material, 237 
Thecospondylus daviesi, material, 167 
Thecospondylus horneri, material, 26 
Therizinosaurus, 152 
behavior, 163 
classification (phylogenetic position), 151, 
160, 160-61 
skeleton, 156, 156-57, 161-62 
Therizinosaurus cheloniformis 
age, 152 
carpals, 156 
diagnosis, 162 
humerus, 156 
material, 152, 160, 162 
metacarpals, 156 
occurrence, 152, 160, 162 
phalanges, 156 
skeleton, 162 
Thescelosaurus, 395 
skull, 417 
Thescelosaurus edmontonensis. See 
Thescelosaurus neglectus 
?Thescelosaurus garbanii. See Bugenasaura 
infernalis 
Thescelosaurus neglectus 
age, 395 
classification (phylogenetic position), 409, 
410 
material, 395 
occurrence, 395 
skeleton, 403-5, 407 
skull, 396-403, 399 
Thespesius edmontonensis. See Edmontosaurus 
annectens 
Thespesius occidentalis, material, 438, 443 
Thespesius saskatchewanensis. See 
Edmontosaurus saskatchewanensis 
Tianchiasaurus nedegoaperferima, material, 368 
Tianzhenosaurus, 364 
classification (phylogenetic position), 388, 
388 
skull, 375 
Tianzhenosaurus youngi 
age, 364 
classification (phylogenetic position), 389 
material, 364, 389 
occurrence, 364, 389 
size, 389 
Tichosteus aequifacies, material, 417 
Tichosteus lucasanus, material, 417 
Ticinosuchus ferox, 11 
Tienshanosaurus chitaiensis, material, 271 
Timimus hermani, 146 
material, 139 
Titanis, 230 
Titanosaurus, 270, 273 
classification (phylogenetic position), 259, 
297, 312-13 
diagnosis, 313 
eggs, 321 
historical review, 272 
Titanosaurus australis. See also Neuquenosaurus 
australis 
material, 313 
Titanosaurus blanfordi 
age, 270 
material, 270 
occurrence, 270 
“Titanosaurus” colberti 
age, 270 
material, 270, 313 


occurrence, 270 
skeleton, 278, 286 
Titanosaurus dacus, 312. See also Magyarosaurus 
dacus 
Titanosaurus falloti, material, 271, 311 
Titanosaurus indicus 
age, 270, 313 
material, 270, 313 
occurrence, 270, 313 
skeleton, 286 
Titanosaurus lydekkeri, material, 271 
Titanosaurus madagascariensis, material, 271 
Titanosaurus montanus, material, 271 
Titanosaurus nanus. See Neuquenosaurus 
australis 
Titanosaurus rahioliensis, material, 271 
Titanosaurus robustus, 313-14. See also 
Saltasaurus robustus 
Titanosaurus valdensis, material, 271 
Tochisaurus, 185 
Tochisaurus nemegtensis 
age, 185, 193 
classification (phylogenetic position), 194 
diagnosis, 193 
material, 185, 193 
metatarsus, 192, 193 
occurrence, 185, 193 
Tomodon horrificus, material, 114 
Tornieria, 265, 310 
classification (phylogenetic position), 305 
diagnosis, 305 
historical review, 272 
material, 305 
occurrence, 305 
skull, 273, 275-76 
Tornieria africana 
age, 265 
classification (phylogenetic position), 305 
material, 265 
occurrence, 265 
sternal plate, 288 
Torosaurus, 496 
classification (phylogenetic position), 
508-9, 509 
material, 494 
skeleton, 505 
skull, 494, 497, 502 
Torosaurus gladius. See Torosaurus latus 
Torosaurus latus 
age, 496 
material, 496 
occurrence, 496 
skull, 502 
Torvosaurus, 72. See also Edmarka 
classification (phylogenetic position), 94-96 
dentition, 79 
material, 72, 96 
occurrence, 72, 96, 109 
paleobiology, 109-10, 133 
paleoecology, 110 
skeleton, 59, 61, 84, 88, 88, 90, 91 
skull, 79 
Torvosaurus tanneri. See also Edmarka rex 
age, 72, 96 
classification (phylogenetic position), 64, 96 
humerus, 88 
material, 72, 96 
occurrence, 72, 96 
pelvis, 91 
radius, 88 
skeleton, 88 
ulna, 88 
ungual phalanx, 88 
Trachodon altidens, material, 443 
Trachodon amurenis, material, 443 
Trachodon atavus. See Edmontosaurus regalis 
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Trachodon cantabrigiensis 
material, 443 
occurrence, 438 
Trachodon longiceps. See Edmontosaurus 
annectens 
Trachodon marginatus, material, 443 
Trachodon mirabilis, material, 438, 443 
Trachodon selwyni, material, 443 
Triceratops, 496 
biogeography, 642 
classification (phylogenetic position), 490, 
491, 494, 507-9, 509 
horns and frills, 512 
material, 494 
occurrence, 510 
paleoecology, 510, 614, 622, 626 
posture and locomotion, 511 
skeleton, 503, 505 
skull, 361, 497, 499, 500, 500, 501-3 
systematics, 16 
taphonomy, 510 
Triceratops albertensis. See Triceratops horridus 
Triceratops brevicornus. See Triceratops horridus 
Triceratops calicornis. See Triceratops horridus 
Triceratops elatus. See Triceratops horridus 
Triceratops eurycephalus. See Triceratops horridus 
Triceratops flabellatus. See Triceratops horridus 
Triceratops galeus, material, 496 
Triceratops horridus. See also Triceratops prorsus 
age, 496 
astragalus, 507 
calcaneum, 507 
classification (phylogenetic position), 490, 
507 
femur, 507 
fibula, 507 
hindlimb elements, 507 
humerus, 506 
ilia, 504 
material, 496 
occurrence, 496 
paleoecology, 492 
radius, 506 
sacrum, 504 
scapulocoracoid, 506 
skeleton, 505 
skull, 499-500, 503 
tibia, 507 
ulna, 506 
vertebrae 
caudal dorsal, 504 
cranial dorsal, 504 
dorsal, 504 
syncervical, 504 
Triceratops ingens, material, 496 
Triceratops maximus, material, 496 
Triceratops obtusus. See Triceratops horridus 
Triceratops prorsus. See also Triceratops horridus 
classification (phylogenetic position), 507 
Triceratops serratus. See Triceratops horridus 
Triceratops sulcatus, material, 496 
Trilophosaurus, 9-10 
Trimucrodon, classification (phylogenetic 
position), 332 
Trimucrodon cuneatus, 333 
material, 326 
Tripriodon caperatus, material, 186 
Troodon, 185. See also Stegoceras; 
Stenonychosaurus 
bone, 655-56, 658 
brain, 149 
classification (phylogenetic position), 94 
eggs, 670 
paleoecology, 621 
skeleton, 84 
taphonomy, 611 
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Troodon asiamericanus, material, 186 
“Troodon” bexelli 
age, 466 
material, 466 
occurrence, 466 
Troodon edmontonensis. See Stegoceras 
edmontonense 
Troodon formosus. See also Pectinodon bakkeri; 
Stenonychosaurus inequalis 
age, 185 
behavior, 194 
biogeography, 194 
braincase, 187 
classification (phylogenetic position), 24, 
193-94, 194 
dentition, 189 
diagnosis, 193 
eggs, 195 
growth, 194 
material, 184, 185, 193 
metatarsus, 192 
occurrence, 185, 193, 208 
pedal digits, 192 
size, 193 
skeleton, 189-92, 190, 193 
skull, 187, 188-89, 189 
vertebrae, 190 
Troodon isfarensis, material, 186 
Troodon sternbergi. See Stegoceras validum 
Troodon wyomingensis. See Pachycephalosaurus 
wyomingensis 
Tsagantegia, 364 
classification (phylogenetic position), 
388 
skull, 369, 374 
Tsagantegia longicranialis 
age, 364, 389 
diagnosis, 389 
material, 364, 389 
occurrence, 364, 389 
Tsintaosaurus, 442 
classification (phylogenetic position), 
458-59 
paleoecology, 461 
skull, 444, 450-51 
taxonomy, 459 
Tsintaosaurus spinorhinus 
age, 442 
braincase, 449 
material, 442 
occurrence, 442 
skull, 443 
Tugulusaurus, 77 
Tugulusaurus faciles 
age, 77, 108 
classification (phylogenetic position), 108 
material, 77, 108 
occurrence, 77, 108 
Tuojiangosaurus, 345 
classification (phylogenetic position), 357 
dentition, 349 
material, 343 
occurrence, 343 
osteoderm, 355 
sacrum, 351 
skeleton, 346, 351-55 
skull, 344-50, 348 
taxonomy, 357-58 
Tuojiangosaurus multispinus 
age, 345, 359 
diagnosis, 359 
material, 345, 359 
occurrence, 345, 359 
size, 359 
Turanoceratops tardabilis, 510 
material, 480 


Tylocephale, 466 
classification (phylogenetic position), 474, 
474 
occurrence, 466, 475 
Tylocephale gilmorei 
age, 466 
material, 464, 466 
occurrence, 466 
skull, 468, 469-71 
taphonomy, 475 
Tylosteus. See Pachycephalosaurus 
Tylosteus ornatus. See Pachycephalosaurus 
wyomingensis 
Tyrannosaurus, 113. See also Nanotyrannus 
classification (phylogenetic position), 
130-31 
dentition, 623-24 
diagnosis, 131-32 
paleobiology, 133-36 
paleoecology, 614, 621, 622 
size, 21 
skeleton, 119, 122-24, 126 
skull, 111, 114-19 
Tyrannosaurus bataar, skeleton, 123 
Tyrannosaurus lanpingensis, material, 114 
?Tyrannosaurus luanchuanensis. See Tarbosaurus 
bataar 
Tyrannosaurus rex 
age, 111, 113, 132 
bone, 657 
classification (phylogenetic position), 107, 
127 
dentition, 119, 623 
femur, 126 
forelimb, 124 
gracile morph, 130, 357 
humerus, 123 
juvenile, 132 
cervical vertebrae, 121 
skull, 116 
mandible, 119 
material, 111, 113, 132 
occurrence, 113, 132 
ontogeny, 132 
palatal elements, 117 
pelvis, 125 
radius, 124 
robust morph, 130 
sacrum, 122, 125 
sexual dimorphism, 130 
size, 111, 132 
skeleton, 120, 122-23, 126 
skull, 111, 115, 132, 139 
ulna, 124 
?Tyrannosaurus rex. See Nanotyrannus lancensis 
Tyrannosaurus turpanensis. See also Tarbosaurus 
bataar 
material, 114 


Udanoceratops, 480 
anatomy, 481, 486 
skull, 481, 486 
Udanoceratops tschizhovi 
age, 480, 491 
classification (phylogenetic position), 491 
material, 480 
occurrence, 480, 491 
Ugrosaurus olsoni, material, 496 
Uintasaurus. See Camarasaurus 
Uintasaurus douglassi. See Camarasaurus lentus 
Ultrasauros, 305 
Ultrasauros macintoshi. See Supersaurus vivianae 
Ultrasaurus tabriensis, material, 271 
Unenlagia, 198 
paleobiology, 226, 228 
skeleton, 202-4, 219 


Unenlagia comahuensis 
age, 198 
classification (phylogenetic position), 207, 
208 
material, 196, 198, 208 
occurrence, 196, 198 
skeleton, 202-3 
Unquillosaurus, 199 
Unquillosaurus ceibalii 
age, 199 
material, 199 
occurrence, 199 
Utahraptor, 198 
dentition, 207-8 
paleoecology, 621 
Utahraptor ostrommaysi 
age, 198 
classification (phylogenetic position), 206, 
207, 208 
dentition, 208 
diagnosis, 208 
material, 198 
occurrence, 198 
size, 196, 208 
skull, 197 


Valdoraptor, 77 
Valdoraptor oweni 
age, 77, 109 
classification (phylogenetic position), 109 
material, 77, 109 
occurrence, 77, 109 
Valdosaurus, 415 
skeleton, 431 
Valdosaurus canaliculatus 
age, 415, 434 
diagnosis, 434 
material, 415 
occurrence, 415, 434 
paleobiology, 436 
Valdosaurus nigeriensis 
age, 415 
material, 415 
occurrence, 415 
Varanus komodoensis, 135-36 
Variraptor, 199 
Variraptor mechinorum 
age, 199 
material, 199, 208 
occurrence, 199, 208 
Vectensia. See Hylaeosaurus 
Vectisaurus valdensis. See IZuanodon 
atherfieldensis 
Velocipes guerichi, material, 5O 
Velociraptor, 199 
classification (phylogenetic position), 179 
as “fighting dinosaur,” 209, 492, 612, 614 
paleoecology, 208-9, 621 
skeleton, 201-6, 204, 206, 219 
skull, 197-201, 199-200 
Velociraptor mongoliensis 
age, 196, 199 
classification (phylogenetic position), 179, 
180, 206, 207, 208 
diagnosis, 208 
furcula, 204 
mandible, 201 
material, 196, 199, 200, 208 
occurrence, 196, 199 
pelvis, 206 
skeleton, 192, 204 
skull, 187, 197, 199-200, 201 
Velocisaurus, 49 
Velocisaurus unicus 
age, 49 
material, 49, 67 


occurrence, 49, 67 
skeleton, 63-64 
Venaticosuchus, 16 
Venenosaurus, 268 
classification (phylogenetic position), 311 
diagnosis, 311 
material, 311 
occurrence, 311 
Venenosaurus dicrocei 
age, 268 
material, 268 
occurrence, 268 
Vjushkovia, 16 
Volkheimeria, 262 
classification (phylogenetic position), 299 
diagnosis, 299 
occurrence, 299 
skeleton, 283 
Volkheimeria chubutensis 
age, 262 
material, 262 
occurrence, 262 
Vorona, 212 
classification (phylogenetic position), 224, 
224 
diagnosis, 224 
occurrence, 212, 221 
Vorona berivotrensis 
age, 212 
material, 212 
occurrence, 212 
Vulcanodon, 261, 273 
age, 261, 298 
classification (phylogenetic position), 249, 
249, 250, 296, 297 
diagnosis, 298 
material, 261, 298 
occurrence, 261, 298 
skeleton, 285, 287, 290-91, 293-95 
skull, 273 
Vulcanodon karibaensis 
age, 261 
material, 261, 298 
occurrence, 261, 298 


Wakinosaurus satoi, material, 78 
Walgettosuchus woodwardi, material, 78 
Walkeria. See Alwalkeria 
Walkeria maleriensis. See Alwalkeria maleriensis 
Wannanosaurus, 465 

classification (phylogenetic position), 474, 

474 

occurrence, 465, 475 
Wannanosaurus yansiensis 

age, 465 

mandible, 468 

material, 465 

occurrence, 465 

skeleton, 473 

skull, 468, 470-71 
Wellnhoferia, 211 
Wellnhoferia grandis 

age, 211 

material, 211 

occurrence, 211 
Wileyia valdensis, material, 216 
Wuerhosaurus, 345 

age, 343, 345, 359 

classification (phylogenetic position), 

356-58 

material, 343 

occurrence, 343 

osteoderm, 355 

sacrum, 351 

skeleton, 351, 351-55 

taxonomy, 357-58 


Wuerhosaurus homheni 
age, 345, 359 
diagnosis, 359 
material, 345 
occurrence, 345, 359 
size, 359 

Wuerhosaurus ordosensis 
age, 345, 359 
diagnosis, 359 
material, 345, 359 
occurrence, 345, 359 
size, 359 


Xenotarsosaurus, 49 
skeleton, 61, 62, 63 
Xenotarsosaurus bonapartei 
age, 49 
classification (phylogenetic position), 66 
material, 49, 66 
occurrence, 49, 66 
tibiotarsus, 62 
Xiaosaurus, Classification (phylogenetic 
position), 332 
Xiaosaurus dashanpensis, 333 
material, 326 
Xuanhanosaurus, 72 
skeleton, 87-89 
Xuanhanosaurus qilixiaensis 
age, 72 
classification (phylogenetic position), 95 
material, 72, 95 
occurrence, 72, 95 


Yaleosaurus. See Anchisaurus 
Yandusautrus, 395 
Yandusaurus hongheensis. See also Yandusaurus 
multidens 
age, 395 
biogeography, 411 
material, 395 
occurrence, 395 
skeleton, 403, 405, 407 
skull, 396, 402 
Yandusaurus multidens. See also “Agilisaurus” 
multidens; Yandusaurus hongheensis 
classification (phylogenetic position), 
410 
Yangchuanosaurus, 74 
classification (phylogenetic position), 94, 
99-100, 102 
skeleton, 84, 90 
skull, 79-80 
Yangchuanosaurus hepingensis. See Sinraptor 
hepingensis 
Yangchuanosaurus magnus 
age, 74 
material, 74 
occurrence, 74 
Yangchuanosaurus shangyouensis 
age, 74, 102 
classification (phylogenetic position), 102 
material, 74, 102 
occurrence, 74, 102 
Yaverlandia, 465 
age, 465, 475 
biogeography, 149 
classification (phylogenetic position), 
474-75 
occurrence, 465, 475 
paleobiology, 134 
Yaverlandia bitholus 
age, 464, 465 
material, 465 
occurrence, 465 
paleobiology, 436 
skull, 468, 470 
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Yimenosaurus, 236 
classification (phylogenetic position), 249 
dentition, 243 
occurrence, 233, 236, 254 
paleobiology, 254-58 
skeleton, 244 
skull, 237-43, 240 

Yimenosaurus youngi 
age, 236, 254 
diagnosis, 254 
material, 236, 254 
occurrence, 236, 254 

Youngina, 11 

Yungavolucris, 214 

Yungavolucris brevipedalis 
age, 214 
material, 214 
occurrence, 214 

Yunnanosaurus, 236 
classification (phylogenetic position), 249, 

252, 315 
dentition, 241, 243, 315 
manus, 245 
occurrence, 233, 236, 252 
paleobiology, 254-58 
paleoecology, 254 
pes, 247 
skeleton, 243-49, 245, 247 
skull, 237-43, 239 
taphonomy, 254 
Yunnanosaurus huangi. See also Yunnanosaurus 
robustus 
age, 236, 252 
diagnosis, 252 
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material, 236 
occurrence, 236, 252 
size, 252 
taphonomy, 254 
Yunnanosaurus robustus. See also Yunnanosaurus 
huangi 
dentition, 243 


Zalmoxes, 414 
classification (phylogenetic position), 432 
skeleton, 428-31 
skull, 413, 417, 422-23 
Zalmoxes robustus 
age, 414, 434 
biogeography, 435 
classification (phylogenetic position), 434 
diagnosis, 434 
material, 411, 413, 414 
occurrence, 411, 413, 414, 434 
skeleton, 408 
skull, 413, 418, 423 
taxonomy, 433 
“Zanclodon” cambrensis 
age, 74 
classification (phylogenetic position), 78, 
100 
material, 74 
occurrence, 74 
Zanclodon laevis. See Plateosaurus engelhardti 
Zanclodon plieningeri. See Plateosaurus 
engelharati 
Zanclodon quenstedti. See Plateosaurus 
engelhardti 
Zapsalis abradens, material, 186 


Zephyrosaurus, 396 
classification (phylogenetic position), 408 
Zephyrosaurus schaffi 
age, 396 
classification (phylogenetic position), 409, 
410 
material, 396 
occurrence, 396 
skull, 396-403, 399, 412 
Zhyraornis, 214 
Zhyraornis kashkarovi 
age, 214 
material, 214 
occurrence, 214 
Zhyraornis logunovi 
age, 214 
material, 214 
occurrence, 214 
Zigongosaurus. See Mamenchisaurus; Omeisaurus 
Zigongosaurus fuxiensis, 300. See also 
Mamenchisaurus fuxiensis; Omeisaurus 
junghsiensis 
Zizhongosaurus, 243 
Zizhongosaurus chuanchengensis, material, 271 
Zuniceratops, 480, 494 
biogeography, 510 
classification (phylogenetic position), 
491-92, 508-9, 509 
Zuniceratops christopheri 
age, 480, 491 
classification (phylogenetic position), 491 
diagnosis, 491-92 
material, 480, 491 
occurrence, 160, 480, 491 
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Abu Agag Formation, dinosaur distribution in, 
in Late Cretaceous, 605 
Adamantina Formation, dinosaur distribution 
in, in Late Cretaceous, 600-601 
Afghanistan, dinosaur distribution in, 525, 
534 
Africa. See also specific country; specific formation 
Ceratosauria in, 47, 66, 68 
dinosaur distribution in, 46 
in Early Cretaceous, 529-30, 571-73, 572 
in Early Jurassic, 529-30, 535-36 
in Late Cretaceous, 529-30, 572, 604-5 
in Late Jurassic, 529-30, 552 
in Late Triassic, 528-29, 529-30 
in Middle Jurassic, 529-30, 542-43 
Dromaeosauridae in, 196 
Iguanodontia in, 434-35 
Ornithischia in, 333 
Ornithopoda in, 411 
Prosauropoda in, 232-33, 252-53 
Sauropoda in, 272-73, 321 
Stegosauria in, 343 
Tetanurae in, 108-10 
Aganane Formation, dinosaur distribution in, 
in Early Jurassic, 535 
Aguja Formation 
Ankylosauria in, 366 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 581-82, 588 
Dromaeosauridae in, 198 
Tetanurae in, 77, 108 
Akaiwa Formation, dinosaur distribution in, 
in Early Cretaceous, 570 
Akazaki Formation, dinosaur distribution in, 
in Late Cretaceous, 600 
Alabama, United States 
Avialae in, 213, 216 
dinosaur distribution in, 554, 587 
Hadrosauridae in, 440 
Tyrannosauroidea in, 112, 130 
Alacon Formation, dinosaur distribution in, 
in Early Cretaceous, 561 
Alaska, United States 
Ankylosauria in, 366 
Avialae in, 225 
Ceratopsidae in, 494, 495, 510 


dinosaur distribution in, 518, 545, 556, 
587 
Dromaeosauridae in, 198 
Hadrosauridae in, 461 
Troodontidae in, 185 
Al-Bahr Al-Ahmar, Egypt, dinosaur 
distribution in, 605 
Alberta, Canada 
Ankylosauria in, 365-66 
Avialae in, 215 
Ceratopsia in, 480, 492 
Ceratopsidae in, 495-96, 510 
dinosaur distribution in, 553, 575, 576-78, 
642 
Dromaeosauridae in, 196, 198 
Hadrosauridae in, 439-42, 461 
Ornithomimosauria in, 138, 147 
Ornithopoda in, 395, 410-11 
Oviraptorosauria in, 166 
Pachycephalosauria in, 465-66, 475 
taphonomic studies in, 613 
Tetanurae in, 77, 108 
Troodontidae in, 185 
Tyrannosauroidea in, 112-13, 130-31 
Algeria 
dinosaur distribution in, 529, 535, 543, 
571, 604 
Sauropoda in, 263, 267, 308 
Tetanurae in, 75, 104 
Al-Khod Conglomerate, dinosaur distribution 
in, in Late Cretaceous, 593 
Allaru Formation 
Ankylosauria in, 364 
dinosaur distribution in, in Early 
Cretaceous, 574 
Sauropoda in, 267, 310 
Allen Formation 
Avialae in, 215 
Ceratosauria in, 66 
dinosaur distribution in, in Late 
Cretaceous, 604 
Sauropoda in, 269-70, 311-13 
Tetanurae in, 77, 109 
Allison Formation, dinosaur distribution in, 
in Late Cretaceous, 577 
Almond Formation, dinosaur distribution in, 
in Late Cretaceous, 584 


Amagodani Formation, dinosaur distribution 
in, in Early Cretaceous, 569 
Amole Formation, dinosaur distribution in, in 
Early Cretaceous, 555 
Ampthill Clay, dinosaur distribution in, in 
Late Jurassic, 546 
Amurskaya Avtonomnaya Oblast, Russia, 
dinosaur distribution in, 566, 593 
Anacleto Formation. See Rio Colorado 
Formation 
Andhra Pradesh State, India 
dinosaur distribution in, 525-27, 534, 595 
Sauropoda in, 298 
Angostura Colorada Formation 
dinosaur distribution in, in Late 
Cretaceous, 603 
Sauropoda in, 268, 311 
Anhui, People’s Republic of China, dinosaur 
distribution in, 599 
Anjar Formation, dinosaur distribution in, in 
Late Cretaceous, 595 
Ankarafantsika Formation, dinosaur 
distribution in, in Late Cretaceous, 
605 
Ankazomihaboka Formation, dinosaur 
distribution in, in Late Cretaceous, 
605 
Ansbachersandstein, dinosaur distribution in, 
in Late Triassic, 524 
Antarctica 
Ankylosauria in, 391 
dinosaur distribution in, 78 
in Early Jurassic, 518, 536 
in Late Cretaceous, 518, 606 
Hadrosauridae in, 438, 461 
Ornithopoda in, 393, 411 
Prosauropoda in, 232 
Tetanurae in, 74, 78, 101, 109 
Antenor Navarro Formation, dinosaur 
distribution in, in Early Cretaceous, 
570-71 
Antlers Formation 
dinosaur distribution in, in Early 
Cretaceous, 555 
Dromaeosauridae in, 198 
Sauropoda in, 267, 309 
Tetanurae in, 75, 104 
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Ap’Khazet’Is Avtonomiuri Respublika, Russia, 
dinosaur distribution in, 550 
Aqtobe Oblysy, Kazakhstan, dinosaur 
distribution in, 563 
Arapahoe Formation, dinosaur distribution 
in, in Late Cretaceous, 581 
Arcillas de Morella Formation 
dinosaur distribution in, in Early 
Cretaceous, 562 
Iguanodontia in, 416 
Areado Group, dinosaur distribution in, 
in Late Jurassic, 552 
Aréen Formation 
dinosaur distribution in, in Late 
Cretaceous, 591 
Iguanodontia in, 414 
Argana Formation 
dinosaur distribution in, 46 
in Late Triassic, 528 
Prosauropoda in, 232, 234 
Argentina 
Ankylosauria in, 391 
Avialae in, 211-15, 221 
Ceratosauria in, 48-50, 66 
dinosaur distribution in, 45, 527, 528, 542, 
552, 571 
Dromaeosauridae in, 198-99 
Hadrosauridae in, 439, 441, 460-61 
Ornithischia in, 326 
Ornithopoda in, 394-95, 410-11 
Prosauropoda in, 232-33, 234-35, 251-52, 
255 
Saurischia in, 26 
Sauropoda in, 262-64, 267-70, 272-73, 299, 
302, 304, 309-14 
Stegosauria in, 343 
Tetanurae in, 72, 75, 77, 96, 1031104, 109-10 
Argiles a plicatules Formation 
dinosaur distribution in, in Early 
Cretaceous, 559-60 
Iguanodontia in, 416 
Argiles de Chatillon Formation, dinosaur 
distribution in, in Late Jurassic, 547 
Argiles de l’Irhazer, dinosaur distribution in, 
in Late Jurassic, 552 
Argiles d’Octeville 
dinosaur distribution in, in Late Jurassic, 547 
Stegosauria in, 344 
Argiles du Gault, dinosaur distribution in, 
in Early Cretaceous, 560 
Argiles ostréenne 
dinosaur distribution in, in Early 
Cretaceous, 560 
Iguanodontia in, 416 
Arizona, United States 
Ceratosauria in, 48, 67-69 
dinosaur distribution in, 518-19, 520, 532, 
538, 544, 553, 554-55, 580 
Ornithopoda in, 393 
Prosauropoda in, 234, 252 
Saurischia in, 26 
Thyreophora in, 336 
Arkansas, United States, dinosaur distribution 
in, 554, 556 
Arranho unit, dinosaur distribution in, 
in Late Jurassic, 548 
Artoles Formation, dinosaur distribution in, 
in Early Cretaceous, 561 
Arundel Clay 
dinosaur distribution in, in Early 
Cretaceous, 556 
Sauropoda in, 266, 308, 315, 321 
Asencio Formation 
dinosaur distribution in, in Late 
Cretaceous, 601 
Sauropoda in, 269-70 


Ashizawa Formation, dinosaur distribution 
in, in Late Cretaceous, 600 
?Ashville Formation 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 578 
Asia. See also specific country; specific 
formation 
Ankylosauria in, 388-89, 391 
Avialae in, 220-21 
Ceratopsia in, 478, 492-93 
dinosaur distribution in 
in Early Cretaceous, 526, 550, 563-70, 
564-66, 642 
in Early Jurassic, 525-26, 534-35 
in Late Cretaceous, 525, 550, 564-66, 
593-600 
in Late Jurassic, 525-26, 550, 550-51 
in Late Triassic, 525, 525-27, 526 
in Middle Jurassic, 526, 541-42 
Dromaeosauridae in, 196, 208 
eastern, dinosaur distribution in, 566 
Hadrosauridae in, 438, 460-61 
north-central, dinosaur distribution in, 
566 
Ornithomimosauria in, 137, 146, 148-49 
Ornithopoda in, 393, 411 
Oviraptorosauria in, 164, 183 
Pachycephalosauria in, 464, 475 
Sauropoda in, 272, 311 
Stegosauria in, 343 
Tetanurae in, 99, 109 
Therizinosauroidea in, 151, 164 
Troodontidae in, 184, 194 
Tyrannosauroidea in, 111, 133-34 
Austin Chalk 
Avialae in, 216 
dinosaur distribution in, in Late 
Cretaceous, 582 
Australasia. See also Australia 
dinosaur distribution in, 529, 531, 536 
in Early Cretaceous, 531, 573-74 
in Late Cretaceous, 518, 531, 605-6 
in Middle Jurassic, 531, 543 
Australia 
Ankylosauria in, 364, 388 
Avialae in, 213 
dinosaur distribution in, 529, 531, 536, 
543, 573-74 
in Late Cretaceous, 606 
Dromaeosauridae in, 196 
Iguanodontia in, 416, 432 
Ornithomimosauria in, 146 
Ornithopoda in, 393, 394-95, 410-11 
Sauropoda in, 267, 299, 310, 315 
Stegosauria in, 343 
Tetanurae in, 74, 76-77, 100, 108-9 
Austria 
Ankylosauria in, 366 
dinosaur distribution in, 523, 592 
Iguanodontia in, 414, 434 
Avon, England, dinosaur distribution in, 
§21-22 
Azoia Limestone, dinosaur distribution in, 
in Late Jurassic, 549 
Aztec Sandstone, dinosaur distribution in, 
in Early Jurassic, 532 


Baden-Wirttemberg, Germany, dinosaur 
distribution in, 524, 533 
Bagua Formation, dinosaur distribution in, 
in Late Cretaceous, 600 
Baharija Formation 
dinosaur distribution in, in Late 
Cretaceous, 605 
Sauropoda in, 267, 269, 313 
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Tetanurae in, 73, 75, 77, 98, 100, 104, 108, 
110 
Bahia Series, dinosaur distribution in, in Early 
Cretaceous, 570 
Bajo Barreal Formation 
Ceratosauria in, 49, 66 
dinosaur distribution in, in Late 
Cretaceous, 602 
Hadrosauridae in, 439 
Ornithopoda in, 395 
Sauropoda in, 267-69, 310 
Bajo de la Carpa Formation. See Rio Colorado 
Formation 
Balabansai Svita, dinosaur distribution in, 
in Late Jurassic, 550 
Balls Bluff Formation, dinosaur distribution 
in, in Late Triassic, 521 
Balochistan, Pakistan, dinosaur distribution 
in, 595 
Banos del Flaco Formation, dinosaur 
distribution in 
in Early Cretaceous, 571 
in Late Jurassic, 552 
Baruungoyot Formation (Baruungoyot Svita) 
Ankylosauria in, 364 
Avialae in, 211, 213 
Ceratopsia in, 479 
dinosaur distribution in, in Late 
Cretaceous, 595-97 
Dromaeosauridae in, 199 
Pachycephalosauria in, 466 
Therizinosauroidea in, 163 
Troodontidae in, 185 
Bauru Group 
dinosaur distribution in, in Late 
Cretaceous, 601 
Sauropoda in, 269, 312 
Bauxite of Cornet 
dinosaur distribution in, in Early 
Cretaceous, 562 
Iguanodontia in, 415 
Bayan Bologai Formation, dinosaur 
distribution in, in Early Cretaceous, 
565 
Bayankhongor, Mongolia, dinosaur 
distribution in, 564, 595-96 
Bayan Mandahu 
Ankylosauria in, 389 
Ceratopsia in, 492 
Bayanshiree Svita. See also Shireegiin 
Gashuun Formation 
Ankylosauria in, 364, 367 
dinosaur distribution in, in Late 
Cretaceous, 596-97 
Dromaeosauridae in, 198, 207 
Ornithomimosauria in, 138 
Therizinosauroidea in, 152, 160, 163 
Tyrannosauroidea in, 113, 132, 134 
Bayern, Germany, dinosaur distribution in, 
524, 549, 592 
Bayin-Gobi Formation 
dinosaur distribution in, in Early 
Cretaceous, 568 
Therizinosauroidea in, 152, 163 
Bearpaw Shale Formation 
dinosaur distribution in, in Late 
Cretaceous, 577 
Lower 
dinosaur distribution in, in Late 
Cretaceous, 583 
Hadrosauridae in, 441 
Bearpaw transgression, Hadrosauridae in, 461 
Bedfordshire, England, dinosaur distribution 
in, 540 
Beds of Alag Teeg 
Ankylosauria in, 364 


dinosaur distribution in, in Late 
Cretaceous, 596 
?Beds of Alag Teeg, Ceratopsia in, 480 
Beds of Bugeen Tsav. See Nemegt Formation 
(Nemegt Svita) 
Beds of Nogoon Tsav 
dinosaur distribution in, in Late 
Cretaceous, 596 
Tyrannosauroidea in, 113, 132 
Beijing Municipal Area, People’s Republic of 
China, dinosaur distribution in, 568 
Beleuta Svita 
dinosaur distribution in, in Late 
Cretaceous, 594 
Hadrosauridae in, 439 
Tyrannosauroidea in, 114 
Belgium 
dinosaur distribution in, 522, 522, 557, 
559, 589 
Iguanodontia in, 415-16 
Bell Ranch Formation, dinosaur distribution 
in, in Middle Jurassic, 538 
Bell Springs Formation, dinosaur distribution 
in, in Late Triassic, 520 
Belly River Group, dinosaur distribution in, 
in Late Cretaceous, 576 
Benkersandstein, dinosaur distribution in, 
in Late Triassic, 524 
Berivotro Formation. See Maevarano Formation 
Berkshire, England, dinosaur distribution in, 
546 
“Bevons” beds 
Ceratosauria in, 49 
dinosaur distribution in, in Early 
Cretaceous, 560 
Bhuj Formation, dinosaur distribution in, 
in Late Cretaceous, 595 
Biedersachsen, Germany, dinosaur 
distribution in, 524 
Billman Creek Formation, dinosaur 
distribution in, in Late Cretaceous, 
584 
Birdsong Sandstone, dinosaur distribution in, 
in Early Cretaceous, 574 
Bissekty Formation 
Ankylosauria in, 367 
Avialae in, 212-14 
Ceratopsidae in, 510 
dinosaur distribution in, in Late 
Cretaceous, 594 
Oviraptorosauria in, 166 
Tetanurae in, 99 
Bissett Formation, dinosaur distribution in, 
in Early Cretaceous, 555 
Black Creek Formation 
dinosaur distribution in, in Late 
Cretaceous, 587 
Hadrosauridae in, 440 
Blackhawk Formation, dinosaur distribution 
in, in Late Cretaceous, 579 
Black Peaks Formation 
dinosaur distribution in, in Late 
Cretaceous, 582 
Sauropoda in, 268 
Blackstone Formation, dinosaur distribution 
in, in Late Triassic, 529 
Blasensandstein, dinosaur distribution in, 
in Late Triassic, 524 
Blesa Formation, dinosaur distribution in, 
in Early Cretaceous, 561 
Blomidon Formation, dinosaur distribution 
in, in Late Triassic, 518 
Bluewater Creek Formation 
Ceratosauria in, 48 
dinosaur distribution in, in Late Triassic, 
519 


Bluff Dale Sandstone, dinosaur distribution 
in, in Early Cretaceous, 555 
Bluff-Summerville Formation, 
undifferentiated, dinosaur 
distribution in, in Middle Jurassic, 
538 
Blufftown Formation, dinosaur distribution 
in, in Late Cretaceous, 587 
Bolivia, dinosaur distribution in, 526, 601 
Bone Cabin Quarry, Sauropoda in, 272 
Bonnet Plume Formation, dinosaur 
distribution in, in Late Cretaceous, 
575-76 
Boonton Formation, dinosaur distribution in, 
in Early Jurassic, 532 
Bornholm Amt, Denmark, dinosaur 
distribution in, 562 
Bostobe Svita, dinosaur distribution in, in 
Late Cretaceous, 594 
Botucatu Formation, dinosaur distribution in, 
in Early Jurassic, 535 
Brazil 
dinosaur distribution in, 46, 526, 527, 535, 
552, 570-71, 600-601 
Prosauropoda in, 232, 235, 250 
Saurischia in, 26 
Sauropoda in, 269, 273, 312 
Stegosauria in, 343 
Tetanurae in, 73, 76, 98, 104, 109 
Tyrannosauroidea in, 114, 133 
British Columbia, Canada, dinosaur 
distribution in, 531, 543, 553, 575, 
576 
Broadford Beds Formation, dinosaur 
distribution in, in Early Jurassic, 
533 
Broome Sandstone 
dinosaur distribution in, in Early 
Cretaceous, 574 
Sauropoda in, 315 
Buckinghamshire, England, dinosaur 
distribution in, 540, 546 
Budden Canyon Formation, dinosaur 
distribution in, in Early Cretaceous, 
555-56 
Biigiin Tsav. See Nemegt Formation (Nemegt 
Svita) 
Bukhara Wiloyati, Uzbekistan, dinosaur 
distribution in, 594 
Bukhoro Wiloyati, Uzbekistan, dinosaur 
distribution in, 594 
Bull Canyon Formation 
Ceratosauria in, 50 
dinosaur distribution in, in Late Triassic, 
520 
Saurischia in, 26 
Bungil Formation 
Ankylosauria in, 364 
dinosaur distribution in, in Early 
Cretaceous, 573 
Buriat-Mongolskaya Avtonomnaya Oblast, 
Russia, dinosaur distribution in, 563, 
566 
Bushveld Sandstone 
dinosaur distribution in 
in Early Jurassic, 535 
in Late Triassic, 528 
Prosauropoda in, 234-35 


?Cadn-Owie Formation, dinosaur 
distribution in, in Early Cretaceous, 
574 

Cadomin Formation, dinosaur distribution 
in, in Early Cretaceous, 553 

Caiua Formation, dinosaur distribution in, 
in Early Cretaceous, 570 


Calcaire a spatangue Formation 
dinosaur distribution in, in Early 
Cretaceous, 559 
Iguanodontia in, 416 
Calcaire de Caen 
dinosaur distribution in, in Middle Jurassic, 
541 
Tetanurae in, 72, 96-97 
Calcaire d’Ecouché, dinosaur distribution in, 
in Middle Jurassic, 541 
Calcaire de Valognes, dinosaur distribution 
in, in Early Jurassic, 533 
Calcaires et argiles de Vignevielle, dinosaur 
distribution in, in Late Cretaceous, 
590 
Calcaires Lithographiques de Cerlin, 
dinosaur distribution in, in Late 
Jurassic, 546 
Calcaires nankin Formation. See Calcarintes 
du Jadet Formation 
Calcare di Altamura, dinosaur distribution in, 
in Late Cretaceous, 592 
Calcare di Cellina Formation, dinosaur 
distribution in, in Early Cretaceous, 
562 
Calcareous Grit, ?Lower, dinosaur distribution 
in, in Late Jurassic, 545 
Calcari di Aurisina, dinosaur distribution in, 
in Late Cretaceous, 592 
Calcari Grigi di Noriglio Formation 
Lower Member, dinosaur distribution in, 
in Early Jurassic, 533 
Middle-Upper Member, dinosaur 
distribution in, in Early Jurassic, 533 
Tovel Member, dinosaur distribution in, 
in Early Jurassic, 533 
Calcarintes du Jadet Formation, dinosaur 
distribution in, in Late Cretaceous, 
590 
Calcarios Micriticos da Serra de Aire, dinosaur 
distribution in, in Middle Jurassic, 
541 
“Calcari selciferi ed ittiolitiferi di Pietraroia” 
dinosaur distribution in, in Early 
Cretaceous, 562 
Tetanurae in, 76 
California, United States, dinosaur 
distribution in, 520, 532, 553, 
555-56, 582 
Calizas de La Huergina Formation 
Avialae in, 212-13 
dinosaur distribution in, in Early 
Cretaceous, 561-62 
Ornithomimosauria in, 138 
Calizas de Lychnus Formation, dinosaur 
distribution in, in Late Cretaceous, 
591 
Calizas y margas de Xert Formation, dinosaur 
distribution in, in Early Cretaceous, 
561 
Camadas de Alcobaca 
dinosaur distribution in, in Late Jurassic, 
548-49 
Sauropoda in, 262, 265, 267, 303 
Stegosauria in, 344 
Camadas de Cabacos, dinosaur distribution 
in, in Late Jurassic, 548 
Camadas de Guimarota, dinosaur distribution 
in, in Late Jurassic, 548 
Camadas de Montejunto, dinosaur 
distribution in, in Late Jurassic, 548 
Camarillas Formation 
dinosaur distribution in, in Early 
Cretaceous, 561 
Iguanodontia in, 416 
Ornithopoda in, 395 
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Camas Formation, dinosaur distribution in, 
in Late Cretaceous, 588 
Cambridge Greensand 
Ankylosauria in, 367 
Avialae in, 215 
dinosaur distribution in, in Early 
Cretaceous, 558 
Cambridgeshire, England 
dinosaur distribution in, 540, 546, 558 
Sauropoda in, 302 
Cameroun, dinosaur distribution in, 529, 
573 
Canada. See also specific formation; specific 
province 
central, dinosaur distribution in, in Late 
Cretaceous, 575 
western, dinosaur distribution in 
in Early Jurassic, 531 
in Late Cretaceous, 575 
Candeleros Formation. See Rio Limay 
Formation 
Canodon Asfalto Formation 
dinosaur distribution in, in Middle Jurassic, 
542 
Sauropoda in, 262-63, 299, 302, 321 
Tetanurae in, 72, 96 
Canon del Colorado Formation 
dinosaur distribution in, in Late Triassic, 
528 
Prosauropoda in, 233, 252 
Cape Province, South Africa, dinosaur 
distribution in, 528, 536, 573 
Cape Sebastian Sandstone, dinosaur 
distribution in, in Late Cretaceous, 
582 
Cardiel Formation, dinosaur distribution in, 
in Late Cretaceous, 602 
Cardium Formation, dinosaur distribution in, 
in Late Cretaceous, 576 
Carmel Formation, dinosaur distribution in, 
in Middle Jurassic, 537 
Carnegie Quarry, taphonomic studies in, 
612-13 
Castellar Formation 
dinosaur distribution in, 638 
in Early Cretaceous, 560-61 
Iguanodontia in, 416 
Sauropoda in, 263, 302 
Castillo, Bajo Barreal, and Laguna Palacios 
formations, undifferentiated, 
dinosaur distribution in, in Late 
Cretaceous, 602 
Castillo Formation, Sauropoda in, 267, 269 
Castlegate Sandstone, dinosaur distribution 
in, in Late Cretaceous, 579 
Caturrita Formation 
dinosaur distribution in, 46 
in Late Triassic, 527 
Prosauropoda in, 232 
Saurischia in, 26 
Cazaderos Formation, dinosaur distribution 
in, in Early Cretaceous, 570 
Cedar Mountain Formation 
Hadrosauridae in, 458 
Lower 
Ankylosauria in, 364-65 
dinosaur distribution in, in Early 
Cretaceous, 554 
Dromaeosauridae in, 198 
Iguanodontia in, 414 
Sauropoda in, 267-68, 308, 311 
Tetanurae in, 76 
Middle 
Ankylosauria in, 365 
dinosaur distribution in, in Early 
Cretaceous, 554 


Mussentuchit Member, dinosaur 
distribution in, 641 
Ruby Ranch Member, dinosaur distribution 
in, 639 
Tetanurae in, 105 
Tyrannosauroidea in, 132 
Upper 
Ankylosauria in, 366 
dinosaur distribution in, in Late 
Cretaceous, 579 
Iguanodontia in, 415 
Cerro Barcino Formation 
dinosaur distribution in, in Early 
Cretaceous, 571 
Sauropoda in, 268, 310 
Cerro Carnerero Formation 
dinosaur distribution in, in Middle Jurassic, 
542 
Sauropoda in, 263, 302 
Cerro Castillo Formation, dinosaur 
distribution in, in Late Cretaceous, 
602 
Cerro del Pueblo Formation, dinosaur 
distribution in, in Late Cretaceous, 
588 
Cerro Lisandro Formation. See Rio Limay 
Formation 
Chacarilla Formation, dinosaur distribution 
in, in Late Jurassic, 552 
Chalk, Lower, dinosaur distribution in, in 
Late Cretaceous, 589 
Chalk Marl. See Chalk, Lower 
Chanares Formation, dinosaur distribution 
in, 45 
Chandler Formation, dinosaur distribution 
in, in Early Cretaceous, 556 
Changwat Chaiyaphum, Thailand, dinosaur 
distribution in, 569 
Changwat Kalasin, Thailand, dinosaur 
distribution in, 551, 569 
Changwat Khon Kaen, Thailand, dinosaur 
distribution in, 527, 569 
Changwat Loei, Thailand, dinosaur 
distribution in, 569 
Changwat Mukdahan, Thailand, dinosaur 
distribution in, 551 
Changwat Nakhon Ratchasima, Thailand, 
dinosaur distribution in, 569 
Changwat Ubon Ratchathani, Thailand, 
dinosaur distribution in, 569 
Changwat Udon Thani, Thailand, dinosaur 
distribution in, 569 
Chaomidianzi Formation. See Yixian 
Formation 
Chardzhou Oblast, Turkmenistan, dinosaur 
distribution in, 550 
Chari Formation, dinosaur distribution in, in 
Middle Jurassic, 541 
Chaunaca Formation, dinosaur distribution 
in, in Late Cretaceous, 601 
Chenini Formation 
dinosaur distribution in, in Early 
Cretaceous, 572 
Tetanurae in, 75 
Chiating Series, Lower, dinosaur distribution 
in, in Late Jurassic, 551 
Chico Formation, dinosaur distribution in, in 
Late Cretaceous, 582 
Chile 
dinosaur distribution in, 527, 542, 552, 571, 
601-2 
Sauropoda in, 269 
Chilgog Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Chiloo Group, Lower, dinosaur distribution 
in, in Middle Jurassic, 542 
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China. See People’s Republic of China 
Chinle Formation 
Ceratosauria in, 48, 68-69 
dinosaur distribution in, in Late Triassic, 
518-20 
paleoecological studies, 624 
Prosauropoda in, 232 
Saurischia in, 26 
taphonomic studies in, 611, 613 
Chipping Norton Formation, dinosaur 
distribution in, in Middle Jurassic, 
538, 540 
Chtilla Namdo, South Korea, dinosaur 
distribution in, 569, 600 
Chorrillo Formation, dinosaur distribution 
in, in Late Cretaceous, 602 
Chuanjie Formation 
dinosaur distribution in, in Middle Jurassic, 
542 
Sauropoda in, 261, 299 
Chukotskiy Avtonomnyy Okrug, Russia, 
dinosaur distribution in, 566, 593 
Cimarron Ridge Formation, dinosaur distri- 
bution in, in Late Cretaceous, 581 
Claggett Shale 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 583 
Clarens Formation 
dinosaur distribution in, in Early Jurassic, 
536 
Ornithopoda in, 394, 411 
Prosauropoda in, 233, 235, 255 
Cleveland Lloyd Quarry 
bone bed, 624 
taphonomic studies in, 612-13 
Tetanurae in, 110 
Tyrannosauroidea in, 128 
Cloverly Formation 
Ankylosauria in, 365 
dinosaur distribution in, 639 
in Early Cretaceous, 556 
Dromaeosauridae in, 198 
Iguanodontia in, 414, 432 
Ornithopoda in, 396, 411 
Oviraptorosauria in, 167 
taphonomic studies in, 612 
Cokedale Formation, dinosaur distribution 
in, in Late Cretaceous, 583 
Colalura Sandstone 
dinosaur distribution in, in Middle Jurassic, 
543 
Tetanurae in, 77, 109 
Coli Toro Formation, dinosaur distribution 
in, in Late Cretaceous, 603-4 
Colombia, dinosaur distribution in, 526, 552, 
570, 600 
Colorado, United States 
Ankylosauria in, 366 
Ceratopsidae in, 496 
Ceratosauria in, 49 
dinosaur distribution in, 520, 520, 532, 
544, 553, 555, 581 
Hadrosauridae in, 440 
Iguanodontia in, 414-15 
Ornithomimosauria in, 138 
Ornithopoda in, 395 
Sauropoda in, 262, 264-67, 271-72, 299, 
302, 304-6, 308-9 
Stegosauria in, 345, 359-60 
Tetanurae in, 72, 75, 96 
Tyrannosauroidea in, 113 
Colorado Formation, dinosaur distribution 
in, in Late Cretaceous, 604 
Como Bluff 
Stegosauria in, 360 


taphonomic studies in, 612 
“Complejo Porfirico,” dinosaur distribution 
in, in Late Triassic, 528 
Conglomerados de Caranguejeira, dinosaur 
distribution in, in Early Cretaceous, 
562 
Connecticut, United States 
Ceratosauria in, 68 
dinosaur distribution in, 519, 532 
Prosauropoda in, 234, 250-51 
“Continental intercalaire” 
dinosaur distribution in, in Early 
Cretaceous, 571-73 
Sauropoda in, 263, 267, 308 
Tetanurae in, 75, 77 
Continental Red Beds 
dinosaur distribution in, in Late 
Cretaceous, 604 
Tetanurae in, 73-75, 98 
Cooper Canyon Formation 
Ceratosauria in, 48, 50, 68-69 
dinosaur distribution in, in Late Triassic, 
520-21 
Ornithischia in, 326 
Corallian Oolite Formation 
dinosaur distribution in, 546 
in Late Jurassic, 545-46 
Tetanurae in, 73 
Corda Formation, dinosaur distribution in, 
in Early Cretaceous, 570 
Coreena Formation, dinosaur distribution in, 
in Early Cretaceous, 574 
Cornbrash Formation, dinosaur distribution 
in, in Middle Jurassic, 540 
Corral de Enmedio Formation, dinosaur 
distribution in, in Late Cretaceous, 
588 
Cotswold Slate, dinosaur distribution in, 
in Middle Jurassic, 538 
County Antrim, Northern Ireland, dinosaur 
distribution in, 533 
Cow Branch Formation, dinosaur distribution 
in, in Late Triassic, 521 
Craie chloritée, dinosaur distribution in, 
in Late Cretaceous, 590 
Craie tufau, dinosaur distribution in, in Late 
Cretaceous, 589 
Crevasse Canyon Formation, dinosaur 
distribution in, in Late Cretaceous, 
580 
Croatia, dinosaur distribution in, 523, 
562-63, 592 
Csehbany Formation 
dinosaur distribution in, in Late 
Cretaceous, 592 
Tetanurae in, 77 
?Csehbany Formation, Iguanodontia in, 
414 
Czech Republic, dinosaur distribution in, 
523, 592 


Dabrazinskaya Svita 
dinosaur distribution in, in Late 
Cretaceous, 594 
Hadrosauridae in, 441 
Dahkla Formation, dinosaur distribution in, 
in Late Cretaceous, 605 
Dakota Formation 
Ankylosauria in, 365 
dinosaur distribution in 
in Early Cretaceous, 554 
in Late Cretaceous, 579 
?Dakota Formation, Sauropoda in, 264 
Dakota Sandstone, dinosaur distribution in 
in Early Cretaceous, 555-56 
in Late Cretaceous, 580 


Dalangshan Formation 
dinosaur distribution in, in Late 
Cretaceous, 600 
Oviraptorosauria in, 167 
Dapuka Group, dinosaur distribution in, 
in Middle Jurassic, 541 
Daril Formation, dinosaur distribution in, 
in Late Jurassic, 550 
Dashanpu Quarry 
Sauropoda in, 272 
Tetanurae in, 94, 108 
Dashuigou Formation 
dinosaur distribution in, in Early 
Cretaceous, 567 
Iguanodontia in, 417 
Tetanurae in, 99 
Tyrannosauroidea in, 113, 133 
Daye Group, dinosaur distribution in, in Early 
Jurassic, 534 
Delaware, United States, dinosaur distribution 
in, 519, 586-87 
Deltaic Series, Lower, dinosaur distribution 
in, in Middle Jurassic, 539 
Demopolis Chalk Formation 
dinosaur distribution in, in Late 
Cretaceous, 587 
Tyrannosauroidea in, 112 
Demopolis Shale, dinosaur distribution in, 
in Late Cretaceous, 587 
Denmark, dinosaur distribution in, 557, 
562 
Densus Ciula Formation 
dinosaur distribution in, in Late 
Cretaceous, 593 
Iguanodontia in, 414 
Sauropoda in, 269 
Denver Formation 
dinosaur distribution in, in Late 
Cretaceous, 581 
Ornithomimosauria in, 138 
Tyrannosauroidea in, 113 
Departamento Colonia, Uruguay, dinosaur 
distribution in, 601 
Departamento de Amazonas, Peru, dinosaur 
distribution in, 600 
Departamento de Cuzco, Peru, dinosaur 
distribution in, 600 
Departamento de Magdalena, Colombia, 
dinosaur distribution in, 552 
Departamento de Potosi, Bolivia, dinosaur 
distribution in, 601 
Departamento de Puno, Peru, dinosaur 
distribution in, 600 
Departamento de Santander, Colombia, 
dinosaur distribution in, 570 
Departamento de Tacuaremb6, Uruguay, 
dinosaur distribution in, 601 
Departamento de Tolima, Colombia, 
dinosaur distribution in, 600 
Departamento Palmitas, Uruguay, dinosaur 
distribution in, 601 
Departamento Paysandu, Uruguay, dinosaur 
distribution in, 601 
Departamiento de Chuquisca, Bolivia, 
dinosaur distribution in, 601 
Département d’Agadez, Niger, dinosaur 
distribution in, 552, 572-73 
Département de Doubs, France, dinosaur 
distribution in, 540 
Département de la Charente, France, 
dinosaur distribution in, 547 
Département de la Charente-Maritime, 
France, dinosaur distribution in, 541, 
547, 590 
Département de la Dordogne, France, 
dinosaur distribution in, 533, 589 


Département de la Haute-Garonne, France, 
dinosaur distribution in, 590 

Département de la Haute-Marne, France, 
dinosaur distribution in, 523, 546, 
559-60 

Département de la Haute-Sadne, France, 
dinosaur distribution in, 540 

Département de 1|’Ain, France, dinosaur 
distribution in, 523, 546, 560 

Département de la Lozére, France, dinosaur 
distribution in, 533 

Département de la Manche, France, dinosaur 
distribution in, 533 

Département de la Meurthe-et-Moselle, 
France, dinosaur distribution in, 523 

Département de la Meuse, France, dinosaur 
distribution in, 547, 560 

Département de la Moselle, France, dinosaur 
distribution in, 533 

Département de la Niévre, France, dinosaur 
distribution in, 547 

Département de l’Ardeéche, France, dinosaur 
distribution in, 523-24 

Département de l’Ariége, France, dinosaur 
distribution in, 590 

Département de la Sarthe, France, dinosaur 
distribution in, 547, 590 

Département de la Seine-Maritime, France 

dinosaur distribution in, 547, 560 
Stegosauria in, 344 

Département de la Tahoua, Niger, dinosaur 
distribution in, 573 

Département de l’Aube, France, dinosaur 
distribution in, 560 

Département de l’Aude, France, dinosaur 
distribution in, 590 

Département de la Vaucluse, France, dinosaur 
distribution in, 590 

Département de la Vendée, France, dinosaur 
distribution in, 523, 533, 589 

Département de l’Aveyron, France, dinosaur 
distribution in, 533, 540 

Département de la Vienne, France, dinosaur 
distribution in, 547, 590 

Département de l’Hérault, France, dinosaur 
distribution in, 533, 589 

Département de l’Indre, France, dinosaur 
distribution in, 541 

Département de |’Oise, France, dinosaur 
distribution in, 560 

Département de l’Orne, France, dinosaur 
distribution in, 541, 590 

Département des Alpes de Haute-Provence, 
France, dinosaur distribution in, 560 

Département des Ardennes, France, dinosaur 
distribution in, 560 

Département des Bouches-du-Rh6ne, France, 
dinosaur distribution in, 590-91 

Département des Landes, France, dinosaur 
distribution in, 590 

Departement de Soriano, Uruguay, dinosaur 
distribution in, 601 

Département de Tahoua, Niger, dinosaur 
distribution in, 605 

Département du Calvados, France, dinosaur 
distribution in, 541, 546 

Département du Doubs, France, dinosaur 
distribution in, 523, 546 

Département du Gard, France, dinosaur 
distribution in, 523, 560, 589 

Département du Jura, France, dinosaur 
distribution in, 523, 546 

Département du Lot, France, dinosaur 
distribution in, 547 

Département du Maine-et-Loire, France, 
dinosaur distribution in, 590 
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Département du Pas-de-Calais, France, 
dinosaur distribution in, 547, 560 
Département du Var, France, dinosaur 
distribution in, 523, 546, 589 
Département du Vaucluse, France, dinosaur 
distribution in, 560 
Departemento do Comayagua, Honduras, 
dinosaur distribution in, 588 
DeQueen Formation, dinosaur distribution 
in, in Early Cretaceous, 556 
Dharmaram Formation 
dinosaur distribution in, in Late Triassic, 527 
Prosauropoda in, 233 
Dinosaur Beds 
dinosaur distribution in, in Early 
Cretaceous, 573 
Sauropoda in, 269, 312-13 
Dinosaur National Monument 
Sauropoda in, 272 
taphonomic studies in, 612-13 
Dinosaur Park Formation 
Ankylosauria in, 365-66 
Ceratopsidae in, 495-96 
dinosaur distribution in, in Late 
Cretaceous, 576-78 
Dromaeosauridae in, 196, 198, 208 
Hadrosauridae in, 439-42 
Ornithomimosauria in, 138, 147 
Ornithopoda in, 395 
Oviraptorosauria in, 166 
Pachycephalosauria in, 465, 475 
taphonomic studies in, 613 
Tetanurae in, 77, 108 
Troodontidae in, 185 
Tyrannosauroidea in, 112, 130-31 
Distrito do Coimbra, Portugal, dinosaur 
distribution in, 548, 592 
Distrito do Leiria, Portugal, dinosaur 
distribution in, 533, 541, 548 
Distrito do Lisboa, Portugal, dinosaur 
distribution in, 548-49, 562 
Distrito do Santarém, Portugal, dinosaur 
distribution in, 541, 562 
Distrito do Setubal, Portugal, dinosaur 
distribution in, 549, 562 
Djadokhta Formation 
Ankylosauria in, 364 
Avialae in, 211, 214 
Ceratopsia in, 480, 490 
dinosaur distribution in, in Late 
Cretaceous, 596-98 
Dromaeosauridae in, 196, 199 
Oviraptorosauria in, 166-67, 183 
paleoecological studies, 624 
Tetanurae in, 76, 108 
Therizinosauroidea in, 163 
Troodontidae in, 185, 192 
Djadokhta Svita 
dinosaur distribution in, in Late 
Cretaceous, 596 
Oviraptorosauria in, 166 
Sauropoda in, 263, 303 
“Djadokhta” Svita 
dinosaur distribution in, in Late 
Cretaceous, 597 
Oviraptorosauria in, 166 
Doahuqou Formation, Avialae in, 216 
Dockum Formation 
Ceratosauria in, 69 
Ornithomimosauria in, 146 
Prosauropoda in, 232 
Protoavis in, 221 
Dogyedong Formation. See Guyedong 
Formation 
Dohoin Usu Formation, dinosaur distribution 
in, in Late Cretaceous, 597 


Dolomia Principale Formation, dinosaur 
distribution in, in Late Triassic, 
524-25 

“Dolomie adebit parallelepipedique,” 
dinosaur distribution in, in Early 
Jurassic, 533 


“Dolomie Cubique,” dinosaur distribution in, 


in Early Jurassic, 533 
Donghe Group, dinosaur distribution in, 
in Early Cretaceous, 567 
Donoho Creek Formation, dinosaur 
distribution in, in Late Cretaceous, 
587 
Dornogov’, Mongolia, dinosaur distribution 
in, 565, 597 
Dorset, England 
dinosaur distribution in, 533, 539, 545-46, 
558 
Ornithopoda in, 393 
Sauropoda in, 308 
Doéshuul Formation, dinosaur distribution in, 
in Early Cretaceous, 564 
Douiret Formation, dinosaur distribution in, 
in Early Cretaceous, 572 
Dukamaje Formation 
dinosaur distribution in, in Late 
Cretaceous, 605 
Tetanurae in, 77 
Dundgov’, Mongolia, dinosaur distribution 
in, 564-65 
Dunvegan Formation, dinosaur distribution 
in, in Late Cretaceous, 576 
Diirrestein Formation, dinosaur distribution 
in, in Late Triassic, 524 
Dzhalal-Abad Oblast, Kirghizia, dinosaur 
distribution in, 594 


Eagle Sandstone 
dinosaur distribution in, in Late 
Cretaceous, 583 
Tyrannosauroidea in, 113 
East Berlin Formation, dinosaur distribution 
in, in Early Jurassic, 532 
East Greenland, Greenland, dinosaur 
distribution in, in Late Triassic, 
518 
East Sussex, England, dinosaur distribution 
in, 559 
Ecouché Limestone, dinosaur distribution in, 
in Middle Jurassic, 541 
Ecuador, dinosaur distribution in, 526, 570 
Edwards Formation, dinosaur distribution in, 
in Early Cretaceous, 555 
Eginsai Svita 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 594 
Egypt 
dinosaur distribution in, 572, 605 
Sauropoda in, 267, 269, 309, 313 
Tetanurae in, 73, 75, 77, 98, 100, 104, 108 
Ejinhoro Formation 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 568 
Stegosauria in, 345 
Troodontidae in, 185 
El Collado Formation 
dinosaur distribution in, in Early 
Cretaceous, 560 
Stegosauria in, 344 
“El Gallo” formation 
dinosaur distribution in, in Late 
Cretaceous, 587-88 
Hadrosauridae in, 442 
Troodontidae in, 185 
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El Jume Formation, dinosaur distribution in, 
in Early Cretaceous, 571 
Elliot Formation 
Lower 
dinosaur distribution in, 46 
in Late Triassic, 528-29 
Prosauropoda in, 232, 234-35, 251, 255 
Saurischia in, 26 
Sauropoda in, 261 
Upper 
Ceratosauria in, 48, 68 
dinosaur distribution in, in Early Jurassic, 
536 
Ornithischia in, 326 
Ornithopoda in, 394, 411 
Prosauropoda in, 233, 235, 255 
El Molino Formation, dinosaur distribution 
in, in Late Cretaceous, 601 
El Picacho Formation 
dinosaur distribution in, in Late 
Cretaceous, 582 
Sauropoda in, 268 
Elrhaz Formation 
dinosaur distribution in, in Early 
Cretaceous, 572 
Iguanodontia in, 415-17 
Sauropoda in, 263 
Tetanurae in, 72-73, 98 
Enciso Group 
dinosaur distribution in, in Early 
Cretaceous, 561 
Ornithopoda in, 395 
England. See also specific formation 
Ankylosauria in, 366-67, 391 
Avialae in, 215 
Ceratosauria in, 50 
dinosaur distribution in, 521-22, 522, 533, 
538-40, 539, 545-46, 557, 558-59, 
589 
Dromaeosauridae in, 199 
Iguanodontia in, 415-16, 435 
Ornithopoda in, 393, 394-95, 410-11 
Pachycephalosauria in, 465, 475 
Prosauropoda in, 234, 236, 251 
Sauropoda in, 259-60, 261, 263, 265-67, 
271, 298-99, 301-3, 307-8, 315 
Stegosauria in, 343, 344, 358-59 
Tetanurae in, 72-73, 75-77, 96-97, 99-100, 
103, 105, 107, 109-10 
Thyreophora in, 335, 336, 342 
Tyrannosauroidea in, 112, 129, 134 
Enon Formation, dinosaur distribution in, in 
Early Cretaceous, 573 
Entrada Sandstone, dinosaur distribution in 
in Late Jurassic, 544 
in Middle Jurassic, 537-38 
Escucha Formation, dinosaur distribution in, 
in Early Cretaceous, 561 
Estado de Baja California Norte, Mexico, 
dinosaur distribution in, 587-88 
Estado de Chihuahua, Mexico, dinosaur 
distribution in, 588 
Estado de Coahuila, Mexico, dinosaur 
distribution in, 588 
Estado de Michoacan, Mexico, dinosaur 
distribution in, 538 
Estado de Oaxaca, Mexico, dinosaur 
distribution in, 538 
Estado de Puebla, Mexico, dinosaur 
distribution in, 538, 587 
Estado de Sonora, Mexico, dinosaur 
distribution in, 588 
Estado de Tamaulipas, Mexico, dinosaur 
distribution in, 538 
Estado do Amazonas, Brazil, dinosaur 
distribution in, 601 


Estado do Bahia, Brazil, dinosaur distribution 
in, 570 
Estado do Goias, Brazil, dinosaur distribution 
in, 570, 601 
Estado do Maranhao, Brazil, dinosaur 
distribution in, 601 
Estado do Matto Grosso, Brazil, dinosaur 
distribution in, 601 
Estado do Minas Gerais, Brazil, dinosaur 
distribution in, 552, 601 
Estado do Paraiba, Brazil, dinosaur 
distribution in, 571 
Estado do Parana, Brazil, dinosaur 
distribution in, 535, 570, 601 
Estado do Rio Grande do Sul, Brazil, dinosaur 
distribution in, 527, 535 
Estado do Sao Paulo, Brazil, dinosaur 
distribution in, 535, 600-601 
Estado do Tachira, Venezuela, dinosaur 
distribution in, 535 
Estuarine Series, Upper, dinosaur distribution 
in, in Middle Jurassic, 539 
Ethiopia, dinosaur distribution in, 530, 552 
Etjo Sandstone, dinosaur distribution in, in 
Early Jurassic, 535 
Eumeralla Formation 
dinosaur distribution in, in Early 
Cretaceous, 574 
Ornithopoda in, 394-95 
Europe. See also specific country; specific 
formation 
Ankylosauria in, 390-91 
Avialae in, 221 
Ceratosauria in, 47 
dinosaur distribution in, 46 
in Early Cretaceous, 518, 523, 556-63, 
557 
in Early Jurassic, 522-23, 532-34 
in Late Cretaceous, 523, 557, 588-93, 
642 
in Late Jurassic, 539, 545-49 
in Late Triassic, 521-25, 522-23 
in Middle Jurassic, 538-41, 539 
Dromaeosauridae in, 196 
Hadrosauridae in, 438, 461 
Iguanodontia in, 434-35 
Ornithomimosauria in, 137, 148-49 
Ornithopoda in, 393, 411 
Pachycephalosauria in, 464 
Prosauropoda in, 253, 255 
Sauropoda in, 273, 300, 302, 312-13 
Stegosauria in, 343, 360 
Tetanurae in, 104, 109 
Troodontidae in, 184 
Tyrannosauroidea in, 111, 128-29, 134 
Eutaw Formation 
basal, dinosaur distribution in, in Late 
Cretaceous, 587 
dinosaur distribution in, in Late 
Cretaceous, 587 
Upper, dinosaur distribution in, in Late 
Cretaceous, 587 
Evanston Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 584-85 


Farak Formation 
dinosaur distribution in, in Early 
Cretaceous, 573 
Sauropoda in, 265, 304 
Tetanurae in, 77 
Faritany Majunga, Madagascar, dinosaur 
distribution in, 543, 605 
Faritany Tolaria, Madagascar, dinosaur 
distribution in, 529 


Faryab Velayat, Afghanistan, dinosaur 
distribution in, 534 
Feltville Formation, dinosaur distribution in, 
in Early Jurassic, 532 
Fengjiahe Formation 
dinosaur distribution in, in Early Jurassic, 
534 
Prosauropoda in, 236 
Ferris Formation 
Ankylosauria in, 366 
dinosaur distribution in, in Late 
Cretaceous, 585 
Ornithomimosauria in, 138 
Pachycephalosauria in, 466 
Tyrannosauroidea in, 113 
Festningen Sandstone, dinosaur distribution 
in, in Early Cretaceous, 562 
Feuerletten Formation 
dinosaur distribution in, in Late Triassic, 
524 
Prosauropoda in, 235 
Fleming Fjord Formation 
dinosaur distribution in, in Late Triassic, 
518 
Prosauropoda in, 235 
Forcall Formation, dinosaur distribution in, 
in Early Cretaceous, 561 
Foremost Formation 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 576 
Forest Marble Formation 
dinosaur distribution in, in Middle Jurassic, 
538-40 
Sauropoda in, 261, 263, 265, 298, 303 
Tetanurae in, 76 
Forest Sandstone 
Ceratosauria in, 48, 68 
dinosaur distribution in, in Early Jurassic, 
535 
Prosauropoda in, 235 
Fort Crittenden Formation, dinosaur 
distribution in, in Late Cretaceous, 
580 
Fort Terrett Formation, dinosaur distribution 
in, in Early Cretaceous, 555 
Fox Hills Formation, dinosaur distribution in, 
in Late Cretaceous, 585 
France. See also specific formation 
Ankylosauria in, 366 
Avialae in, 214 
Ceratosauria in, 48-49, 67-68 
dinosaur distribution in, 522, 523-24, 533, 
539, 540-41, 546-47, 557, 559-60, 
590-91 
Dromaeosauridae in, 199 
Iguanodontia in, 414, 416, 434 
paleoecological studies, 624 
Prosauropoda in, 235, 253 
Sauropoda in, 260, 268, 273, 311, 315 
Stegosauria in, 343, 344, 358 
Tetanurae in, 72-76, 96-97, 99-100, 105 
Free State Province, South Africa, dinosaur 
distribution in, 528, 536 
Frenchman Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 578 
Hadrosauridae in, 440 
Ornithopoda in, 395 
Tetanurae in, 77 
Tyrannosauroidea in, 113, 133-34 
Frontier Formation 
Ankylosauria in, 367 
dinosaur distribution in, in Late 
Cretaceous, 584 


Fruitland Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 580 
Hadrosauridae in, 442 
Sauropoda in, 311 
Tyrannosauroidea in, 112 
Fukui Prefecture, Japan 
dinosaur distribution in, 570 
Tetanurae in, 101 
Fukuoka Prefecture, Japan, dinosaur 
distribution in, 570 
Fukushima Prefecture, Japan, dinosaur 
distribution in, 551, 600 
Futaba Group, dinosaur distribution in, 
in Late Cretaceous, 600 


Gansu, People’s Republic of China 
Ceratopsia in, 490, 492 
dinosaur distribution in, 551, 567, 598 
Iguanodontia in, 434 
Therizinosauroidea in, 163-64 
Gaogou Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Garita Creek Formation, dinosaur 
distribution in, in Late Triassic, 519 
Gates Formation, dinosaur distribution in, 
in Early Cretaceous, 553 
Geoncheonri Formation, dinosaur 
distribution in, in Early Cretaceous, 
568 
Georgia, United States, dinosaur distribution 
in, 554, 587 
Georgia (Republic of), dinosaur distribution 
in, 563, 565 
Gerhartsreiter Schichten, dinosaur 
distribution in, in Late Cretaceous, 
592 
Germany. See also specific formation 
Avialae in, 210, 211, 225 
Ceratosauria in, 48, 67-68 
dinosaur distribution in, 522, 524, 533, 
539, 541, 549, 557, 562 
Iguanodontia in, 416 
Ornithomimosauria in, 149 
Pachycephalosauria in, 465, 475 
Prosauropoda in, 232, 235-36, 253-55 
Saurischia in, 26 
Sauropoda in, 261, 298 
Tetanurae in, 76, 105 
Thyreophora in, 335, 336, 342 
Gething Formation, dinosaur distribution in, 
in Early Cretaceous, 553 
Gettysburg Formation, dinosaur distribution 
in, in Late Triassic, 521 
Ghost Ranch Quarry 
bone bed, 624 
Ceratosauria in, 68-70 
taphonomic studies in, 613 
Gifu Prefecture, Japan, dinosaur distribution 
in, 551, 569 
“Giron” formation, dinosaur distribution in, 
in Late Jurassic, 552 
Glauconie argileuse 
dinosaur distribution in, in Late 
Cretaceous, 589 
Iguanodontia in, 415 
Glen Canyon Series, Prosauropoda in, 233 
Glen Rose Formation 
dinosaur distribution in, in Early 
Cretaceous, 555 
Sauropoda in, 266, 308, 315 
Gloucestershire, England 
dinosaur distribution in, 522, 538 
Sauropoda in, 298 
Tetanurae in, 107 
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Gtowaczow Formation, dinosaur distribution 
in, in Middle Jurassic, 541 
Gobi Desert 
Ceratopsia in, 492 
Oviraptorosauria in, 165 
Sauropoda in, 272 
Therizinosauroidea in, 160, 164 
Troodontidae in, 184, 193-94 
Gokwe Formation, dinosaur distribution in, 
in Late Jurassic, 552 
Gorno-Altayaskaya Avtonomnaya, Russia, 
dinosaur distribution in, 563, 
566 
Gosau Formation 
Ankylosauria in, 366 
dinosaur distribution in, in Late 
Cretaceous, 592 
Iguanodontia in, 414, 434 
Gouvernorat de Medenine, Tunisia, dinosaur 
distribution in, 571-72 
Gouvernorat de Tataouine, Tunisia, dinosaur 
distribution in, 572 
Gov’Altai, Mongolia, dinosaur distribution in, 
550, 564 
Grampian, Scotland, dinosaur distribution in, 
521 
Grand Duchy of Luxembourg. See 
Luxembourg 
“Greater Wealden,” 640 
Great Oolite Formation 
dinosaur distribution in, in Middle Jurassic, 
538-40 
Sauropoda in, 261, 298 
Tetanurae in, 99, 107 
Greenhorn Formation, dinosaur distribution 
in, in Late Cretaceous, 582 
Greenland 
dinosaur distribution in, in Late Triassic, 
518 
Prosauropoda in, 232, 235, 253, 255 
Greensand 
Lower 
Ankylosauria in, 367 
dinosaur distribution in, in Early 
Cretaceous, 558-59 
Iguanodontia in, 416 
Sauropoda in, 308 
Upper, dinosaur distribution in, in Late 
Cretaceous, 589 
Grés a Avicula contorta, dinosaur distribution 
in, in Late Triassic, 523 
Grés a Dinosauriens Formation, dinosaur 
distribution in, in Early Cretaceous, 
562 
Gres a Reptiles Formation 
Avialae in, 214 
dinosaur distribution in, in Late 
Cretaceous, 589-90 
Dromaeosauridae in, 199 
Iguanodontia in, 414 
Grés d’Alet Formation, dinosaur distribution 
in, in Late Cretaceous, 590 
Grés d’Assaouas, dinosaur distribution in, in 
Late Jurassic, 552 
Grés de Labarre Formation 
dinosaur distribution in, in Late 
Cretaceous, 590 
Iguanodontia in, 414 
Sauropoda in, 268 
“Gres de l’Infralias,” dinosaur distribution in, 
in Late Triassic, 523 
Greés de Maevarano. See Maevarano Formation 
Grés de Saint-Chinian Formation 
dinosaur distribution in, in Late 
Cretaceous, 589-90 
Dromaeosauridae in, 199 


Iguanodontia in, 414 
Sauropoda in, 268 
Grés et sables piquetés Formation 
dinosaur distribution in, in Early 
Cretaceous, 560 
Iguanodontia in, 416 
Gres rouge infracénomaniens. See 
Continental Red Beds 
Grés supérieurs et Argilites bariolées 
Formation, dinosaur distribution in, 
in Late Triassic, 523 
“Gres supérieurs” Formation 
dinosaur distribution in, in Early 
Cretaceous, 569 
Sauropoda in, 268, 311 
Gres vert, dinosaur distribution in, in Early 
Cretaceous, 560 
Griman Creek Formation 
dinosaur distribution in, in Early 
Cretaceous, 574 
Ornithopoda in, 394 
Tetanurae in, 74, 100 
Guangdong, People’s Republic of China, 
dinosaur distribution in, 599-600 
Guangxi Zhuangzu Zizhiqu, People’s Republic 
of China, dinosaur distribution in, 
568 
“Guaranitic” formation. See Cardiel 
Formation 
Guettioua Sandstone 
dinosaur distribution in, in Middle Jurassic, 
542 
Sauropoda in, 265 
Guichon Formation, dinosaur distribution in, 
in Late Cretaceous, 601 
Guimarota beds 
dinosaur distribution in, 639 
Tyrannosauroidea in, 128 
Gujarat, India, dinosaur distribution in, 541, 
595 
Gumma Prefecture, Japan, dinosaur 
distribution in, 570 
Guyana, dinosaur distribution in, 526, 552 
Guyedong Formation, dinosaur distribution 
in, in Early Cretaceous, 568 
Gypsum Spring Formation, dinosaur 
distribution in, in Middle Jurassic, 
538 


Haman Formation, dinosaur distribution in, 
in Early Cretaceous, 569 
Hampen Marly Formation, dinosaur 
distribution in, in Middle Jurassic, 
540 
Hanson Formation 
dinosaur distribution in, in Early Jurassic, 
536 
Tetanurae in, 74, 101 
Hantong Formation 
dinosaur distribution in, in Late Jurassic, 
551 
Sauropoda in, 262 
Harebell Formation, dinosaur distribution in, 
in Late Cretaceous, 584 
Hasandong Formation, dinosaur distribution 
in, in Early Cretaceous, 568 
Hashemite Kingdom, Jordan, dinosaur 
distribution in, 593 
Hastings Beds 
Ankylosauria in, 366 
dinosaur distribution in, in Early 
Cretaceous, 559 
Iguanodontia in, 415-16 
Sauropoda in, 266, 307-8 
Tetanurae in, 73, 77 
Hatceg Basin, paleoecological studies, 624 
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Hebei, People’s Republic of China, dinosaur 
distribution in, 551, 567, 598 
Heiberg Formation, dinosaur distribution in, 
in Late Triassic, 518 
Heichengtzu Series, dinosaur distribution in, 
in Early Jurassic, 535 
Heilongjiang, People’s Republic of China 
dinosaur distribution in, 599 
Hadrosauridae in, 460 
Hell Creek Formation 
Ankylosauria in, 365-66 
Avialae in, 212 
Ceratopsia in, 480 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 584-86 
Hadrosauridae in, 440, 442 
Ornithomimosaurs in, 620 
Ornithopoda in, 394-95 
Oviraptorosauria in, 166 
Pachycephalosauria in, 465-66 
taphonomic studies in, 613 
Troodontidae in, 185 
Tyrannosauroidea in, 113, 132-33 
Helvetiafjellet Formation. See Festningen 
Sandstone 
Henan, People’s Republic of China 
dinosaur distribution in, 568, 599 
Iguanodontia in, 435 
Hensel Formation, dinosaur distribution in, 
in Early Cretaceous, 555 
Hermiin Tsav. See also Red Beds of Hermiin 
Tsav; White Beds of Hermiin Tsav 
theropods in, 620 
Hertfordshire, England, dinosaur distribution 
in, 589 
Hidden Lake Formation, dinosaur 
distribution in, in Late Cretaceous, 
606 
Highland, Scotland, dinosaur distribution in, 
538 
Higueruelas Formation, dinosaur distribution 
in, in Late Jurassic, 548 
Hogandas Formation 
Lower, dinosaur distribution in, in Late 
Triassic, 521 
Upper, dinosaur distribution in, in Early 
Jurassic, 533 
Hokkaido Prefecture, Japan, dinosaur 
distribution in, 600 
Honduras, dinosaur distribution in, 537, 588 
Hornerstown Formation, dinosaur 
distribution in, in Late Cretaceous, 
586 
Horseshoe Canyon Formation 
Ankylosauria in, 365 
Ceratopsia in, 480 
Ceratopsidae in, 495 
dinosaur distribution in, in Late 
Cretaceous, 577 
Hadrosauridae in, 440-41 
Ornithomimosauria in, 138 
Ornithopoda in, 395, 411 
Oviraptorosauria in, 166 
Pachycephalosauria in, 465-66 
taphonomic studies in, 611 
Tetanurae in, 77 
Tyrannosauroidea in, 112, 131 
Horsethief Sandstone, dinosaur distribution 
in, in Late Cretaceous, 583 
Houcheng Formation, dinosaur distribution 
in, in Late Jurassic, 551 
Howe Quarry, 109 
Sauropoda in, 272 
Hubei, People’s Republic of China, dinosaur 
distribution in, 599 


Huhteeg Svita 
Ankylosauria in, 364 
Ceratopsia in, 492 
dinosaur distribution in, in Early 
Cretaceous, 564-65 
Iguanodontia in, 415-16 
Huincul Formation. See Rio Limay Formation 
Huiquanpu Formation 
Ankylosauria in, 364 
dinosaur distribution in, in Late 
Cretaceous, 598-99 
Sauropoda in, 268 
Hunan, People’s Republic of China, dinosaur 
distribution in, 599 
Hungary 
dinosaur distribution in, 523, 534, 592 
Iguanodontia in, 414 
Tetanurae in, 77 
Hutton Sandstone Formation 
dinosaur distribution in, in Middle Jurassic, 
543 
Sauropoda in, 261, 299 


Talovachsk Formation, dinosaur distribution 
in, in Late Cretaceous, 594 
Idaho, United States, dinosaur distribution in, 
556 
in Early Jurassic, 531 
Ilekskaya Svita. See Shestakovskaya Svita 
Iles Formation, dinosaur distribution in, 
in Late Cretaceous, 581 
Iljig Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Imi-n-Ifri Formation, dinosaur distribution 
in, in Early Jurassic, 535 
In Beceten Formation, dinosaur distribution 
in, in Late Cretaceous, 605 
India. See also specific formation 
Ceratosauria in, 47, 49, 66-67 
dinosaur distribution in, 525, 525-27, 534, 
541, 550, 595 
Prosauropoda in, 233 
Saurischia in, 26 
Sauropoda in, 261, 263, 269-70, 272-73, 
298, 312-13, 321 
Stegosauria in, 343, 359-60 
Inferior Oolite Formation 
dinosaur distribution in, in Middle Jurassic, 
538-40 
Tetanurae in, 73, 99 
Intertrappean Beds, dinosaur distribution in, 
in Late Cretaceous, 595 
Iouaridéne Formation, dinosaur distribution 
in, in Middle Jurassic, 543 
Iran, dinosaur distribution in, 525, 534 
Iren Dabasu Formation 
Avialae in, 211 
dinosaur distribution in, in Late 
Cretaceous, 598 
Hadrosauridae in, 439 
Ornithomimosauria in, 138, 146 
Oviraptorosauria in, 166 
Therizinosauroidea in, 152, 160, 163 
Tyrannosauroidea in, 113, 132, 134 
Iren Nor Formation. See Iren Dabasu 
Formation 
Isalo II Group 
dinosaur distribution in, in Late Triassic, 529 
Prosauropoda in, 232 
Isalo II] Formation 
dinosaur distribution in, in Middle Jurassic, 
543 
Sauropoda in, 266 
Ischigualasto Formation 
dinosaur distribution in, in Late Triassic, 
528 


Ornithischia in, 326 
Saurischia in, 25, 26, 45 
Ishikawa Prefecture, Japan, dinosaur 
distribution in, 569-70 
Isle of Wight, England. See also specific 
formation 
dinosaur distribution in, 558-59, 589 
Ornithomimosauria in, 149 
Pachycephalosauria in, 475 
Sauropoda in, 299, 307-8 
Tetanurae in, 103, 105 
Tyrannosauroidea in, 129 
Israel, dinosaur distribution in, 572, 593 
Istarska Zupanija, Croatia, dinosaur 
distribution in, 562-63, 592 
Italy. See also specific formation 
dinosaur distribution in, 522, 524-25, 533, 
557, 562, 592 
Tetanurae in, 76, 105 
Itapecuru Formation, dinosaur distribution 
in, in Late Cretaceous, 601 
Iwate Prefecture, Japan, dinosaur distribution 
in, 570 
Izuki Formation, dinosaur distribution in, 
in Early Cretaceous, 570 


2Jabalpur Formation, dinosaur distribution 
in, in Late Jurassic, 550 
Japan 
Ankylosauria in, 391 
dinosaur distribution in, 526, 535, 551, 
564, 569-70, 600 
Tetanurae in, 74, 101 
Tyrannosauroidea in, 129 
Javelina Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 582 
Sauropoda in, 268 
Tyrannosauroidea in, 113 
Jeomgog Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Jiangsu, People’s Republic of China, dinosaur 
distribution in, 600 
Jianguan Formation, dinosaur distribution in, 
in Early Cretaceous, 565 
Jilin, People’s Republic of China, dinosaur 
distribution in, 542, 567, 598 
Jindong Formation, dinosaur distribution in, 
in Early Cretaceous, 569 
Jing Chuan Formation, dinosaur distribution 
in, in Early Cretaceous, 567 
Jingxing Formation, Upper, dinosaur 
distribution in, in Early Cretaceous, 
565 
Jinhua Formation 
dinosaur distribution in, in Early 
Cretaceous, 568 
Sauropoda in, 269, 312 
Jinjiang Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Jinju Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Jiufotang Formation 
Avialae in, 212, 214, 216 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 565-66 
Dromaeosauridae in, 198 
Jordan, dinosaur distribution in, 572, 593 
Judetul Alba, Romania, dinosaur distribution 
in, 593 
Judetul Bihor, Romania, dinosaur distribution 
in, 562, 592 
Judetul Constantta, Romania, dinosaur 
distribution in, 562 


Judetul Hunedoara, Romania, dinosaur 
distribution in, 592-93 
Judith River Formation 
Ankylosauria in, 365-66 
Ceratopsidae in, 495 
dinosaur distribution in, in Late 
Cretaceous, 583 
Dromaeosauridae in, 198 
Hadrosauridae in, 439, 461-62 
Ornithopoda in, 395 
Pachycephalosauria in, 465 
Tetanurae in, 77, 108 
Troodontidae in, 185 
Tyrannosauroidea in, 112, 134 


Kadsi Formation, dinosaur distribution in, 
638 
in Late Jurassic, 552 
Kagidani Formation, dinosaur distribution in, 
in Late Jurassic, 551 
Kaiparowits Formation 
dinosaur distribution in, in Late 
Cretaceous, 579-80 
Hadrosauridae in, 442 
Ornithomimosauria in, 138, 147 
Kakanaut Formation, dinosaur distribution 
in, in Late Cretaceous, 593 
?Kakanaut Formation, Troodontidae in, 185 
Kaladongar Formation, dinosaur distribution 
in, in Middle Jurassic, 541 
Kalahari Deposits, dinosaur distribution in, 
in Early Cretaceous, 573 
K’Alak’I K’Ut’Aisi, Georgia, dinosaur 
distribution in, 563 
Kalazha Formation 
dinosaur distribution in, in Late Jurassic, 
551 
Sauropoda in, 263, 302 
Kallankurichi Formation 
dinosaur distribution in, in Late 
Cretaceous, 595 
Sauropoda in, 270 
Kanguk Formation, dinosaur distribution in, 
in Late Cretaceous, 575 
Kankazgan Formation, dinosaur distribution 
in, in Late Cretaceous, 594 
Kansas, United States 
Ankylosauria in, 365, 367 
Avialae in, 214-16 
dinosaur distribution in, 554, 555, 582 
Hadrosauridae in, 439, 460 
Kanton Baselland, Switzerland, dinosaur 
distribution in, 524, 549 
Kanton Schaffhausen, Switzerland, dinosaur 
distribution in, 524 
Kanton Solothurn, Switzerland, dinosaur 
distribution in, in Late Jurassic, 549 
Kanton Unterwalden, Switzerland, dinosaur 
distribution in, 562 
Karabil Svita, dinosaur distribution in, in Late 
Jurassic, 550 
Karroo Sandstone, Upper 
dinosaur distribution in, in Early Jurassic, 
535 
Prosauropoda in, 235 
Kaskapau Formation, dinosaur distribution 
in, in Late Cretaceous, 576 
Katrol Formation, dinosaur distribution in, 
in Late Cretaceous, 595 
Kayenta Formation 
Ceratosauria in, 48, 67-69 
dinosaur distribution in, in Early Jurassic, 
532 
Thyreophora in, 336, 342 
Kazakhstan 
Avialae in, 215 
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Kazakhstan (continued) 
dinosaur distribution in, 550, 563, 565, 594 
Hadrosauridae in, 439, 441, 460 
Oviraptorosauria in, 164 
Therizinosauroidea in, 164 
Kelvin Formation, dinosaur distribution in, in 
Early Cretaceous, 553 
Kem-Kem Beds 
Tetanurae in, 75-76, 108 
Upper, dinosaur distribution in, in Late 
Cretaceous, 604 
Kent, England 
dinosaur distribution in, 559, 589 
Sauropoda in, 308 
Kenya, dinosaur distribution in, 530, 605 
Kezilesu Group, dinosaur distribution in, in 
Early Cretaceous, 567 
Khamareen Us. See Gobi Desert 
Khar Hot6l, Therizinosauroidea in, 160 
Khodzhakul Formation 
Lower 
Avialae in, 214 
dinosaur distribution in, in Early 
Cretaceous, 563 
Upper, dinosaur distribution in, in Late 
Cretaceous, 594 
Khodzhaosmansk Formation, dinosaur 
distribution in, in Early Cretaceous, 
563 
Khok Kruat Formation, dinosaur distribution 
in, in Early Cretaceous, 569 
Khooldzin Svita. See also Shinekhudag Svita 
dinosaur distribution in, in Early 
Cretaceous, 564-65 
Khovd, Mongolia, dinosaur distribution in, 
564 
Khukhtekskaya Svita, Ceratopsia in, 479 
Khulsyngolskaya Svita, Ceratopsia in, 479 
Kiezeltashskaya Formation, dinosaur 
distribution in, in Early Cretaceous, 
563 
Kimmeridge Clay 
dinosaur distribution in, in Late Jurassic, 
546 
Iguanodontia in, 415 
Sauropoda in, 267, 308 
Stegosauria in, 344 
Tyrannosauroidea in, 111 
Kirghizia, dinosaur distribution in, 563, 594 
Kirkwood Formation 
dinosaur distribution in, 638 
Tetanurae in, 107 
Upper 
dinosaur distribution in, in Early 
Cretaceous, 573 
Stegosauria in, 345 
Tetanurae in, 76 
Kirtland Formation 
Lower 
Ankylosauria in, 365 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 580 
Dromaeosauridae in, 198 
Hadrosauridae in, 439-40, 442 
Sauropoda in, 268, 311 
Tyrannosauroidea in, 112 
Tyrannosauroidea in, 131 
Upper 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 580-81 
Sauropoda in, 268 
Kitadani Formation 
dinosaur distribution in, in Early 
Cretaceous, 570 


Iguanodontia in, 415 
Tetanurae in, 74, 101 
Kiyosu-e Formation, dinosaur distribution in, 
in Early Cretaceous, 570 
Knollenmergel 
Ceratosauria in, 48, 67 
dinosaur distribution in, in Late Triassic, 
524 
Prosauropoda in, 235, 253 
Kootenai Formation, dinosaur distribution in, 
in Early Cretaceous, 556 
Korycanar Formation, dinosaur distribution 
in, in Late Cretaceous, 592 
Kota Formation 
dinosaur distribution in, in Early Jurassic, 
534 
Sauropoda in, 261, 263, 298, 321 
Koum Formation, dinosaur distribution in, 
639 
in Early Cretaceous, 573 
Krymskaya Oblast, Ukraine, dinosaur 
distribution in, 593 
Kuangyuan Series, Stegosauria in, 343 
Kugitang Svita, dinosaur distribution in, 
in Late Jurassic, 550 
Kumamoto Prefecture, Japan, dinosaur 
distribution in, 569, 600 
Kurek Svita, dinosaur distribution in, in Late 
Jurassic, 550 
Kurskaya Oblast, Russia, dinosaur distribution 
in, 523, 593 
Kuruma Group, dinosaur distribution in, 
in Early Jurassic, 535 
Kuwajima Formation, dinosaur distribution 
in, in Early Cretaceous, 569-70 
Kyangyan Series, dinosaur distribution in, 
in Late Jurassic, 550 
Kyongsang Namdo, South Korea, dinosaur 
distribution in, 568-69 
Kyongsang Pukdo, South Korea, dinosaur 
distribution in, 568 
Kyrgyzia, dinosaur distribution in, 565 
Kyushu Prefecture, Japan, dinosaur 
distribution in, 600 


La Amarga Formation 
Ceratosauria in, 50 
dinosaur distribution in, 638 
in Early Cretaceous, 571 
Sauropoda in, 264, 304 
La Boca Formation, dinosaur distribution in, 
in Middle Jurassic, 538 
“La Bocana Roja” formation 
Avialae in, 212 
dinosaur distribution in, in Late 
Cretaceous, 588 
Tyrannosauroidea in, 114, 133 
La Cantera Formation, dinosaur distribution 
in, in Early Cretaceous, 571 
La Colonia Formation 
Ceratosauria in, 49 
dinosaur distribution in, in Late 
Cretaceous, 602 
Ladd Formation, dinosaur distribution in, 
in Late Cretaceous, 582 
Laguna Colorada Formation 
dinosaur distribution in, in Late Triassic, 
528 
Prosauropoda in, 235 
Laguna Palacios Formation 
dinosaur distribution in, in Late 
Cretaceous, 602 
Sauropoda in, 267, 269 
?Laguna Palacios Formation, dinosaur 
distribution in, in Late Cretaceous, 
603 
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Laiyang Series, dinosaur distribution in, 
in Late Jurassic, 551 
Lakota Formation 
Ankylosauria in, 366 
dinosaur distribution in, in Early 
Cretaceous, 556 
Iguanodontia in, 415-16 
La Matilde Formation, dinosaur distribution in 
in Late Jurassic, 552 
in Middle Jurassic, 542 
Lameta Formation 
Ceratosauria in, 49, 66-67 
dinosaur distribution in, in Late 
Cretaceous, 595 
Sauropoda in, 269-70, 272, 312-13 
Lance Formation 
Ankylosauria in, 365-66 
Avialae in, 215 
Ceratopsia in, 480 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 585-86 
flora, 620 
Hadrosauridae in, 440 
Ornithopoda in, 394-95 
Pachycephalosauria in, 465-66 
Troodontidae in, 185 
Tyrannosauroidea in, 112-13 
?Lance Formation, Sauropoda in, 265, 305 
Laos 
dinosaur distribution in, 550, 569 
Sauropoda in, 268, 270, 311, 313 
La Pedrera de Rubies Lithographic Limestones 
Formation 
Avialae in, 213 
dinosaur distribution in, in Early 
Cretaceous, 561 
La Quinta Formation, dinosaur distribution 
in, in Early Jurassic, 535 
Laramie Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 581 
Hadrosauridae in, 440 
Ornithopoda in, 395 
Tyrannosauroidea in, 113 
Lastres Formation, dinosaur distribution in, 
638 
in Late Jurassic, 547 
Lealt Shale Formation, dinosaur distribution 
in, in Middle Jurassic, 538 
Lecho Formation 
Avialae in, 212-14 
Ceratosauria in, 49 
dinosaur distribution in, in Late 
Cretaceous, 603 
Sauropoda in, 270, 314 
Leicestershire, England, dinosaur distribution 
in, 533, 539 
Leribe District, Lesotho, dinosaur distribution 
in, 529, 536 
Lesotho 
dinosaur distribution in, 529, 530, 536 
Ornithischia in, 326 
Ornithopoda in, 394 
Prosauropoda in, 235, 251, 255 
Les Sables de Glos, dinosaur distribution in, in 
Late Jurassic, 546 
Lestaillats Marls Formation, dinosaur 
distribution in, in Late Cretaceous, 
590 
Lianmugin Formation, Tetanurae in, 108 
Liaoning, People’s Republic of China 
Avialae in, 221 
Ceratopsia in, 490-92 
dinosaur distribution in, 535, 551, 565-67 


Iguanodontia in, 435 
Ornithomimosauria in, 147 
Tetanurae in, 105 
Therizinosauroidea in, 163-64 
Troodontidae in, 193 
Lias, Lower 
Ceratosauria in, 50 
dinosaur distribution in, in Early Jurassic, 
533 
Tetanurae in, 99 
Thyreophora in, 336 
?Liburnian Formation, dinosaur distribution 
in, in Late Cretaceous, 592 
Libya 
dinosaur distribution in, 529, 573 
Tetanurae in, 75 
Lisangou Formation 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 568 
Lissauer Breccia, dinosaur distribution in, 
in Late Triassic, 525 
Lithographic Limestone 
dinosaur distribution in, in Late Jurassic, 
546 
Tetanurae in, 76 
Livingston Formation 
dinosaur distribution in, in Late 
Cretaceous, 583 
Tyrannosauroidea in, 113 
Lockatong Formation, dinosaur distribution 
in, in Late Triassic, 521 
Loe-ein Formation. See Lura Formation 
Lohan Cura Formation 
dinosaur distribution in, in Early 
Cretaceous, 571 
Sauropoda in, 267, 309 
Lomas Coloradas Formation, dinosaur 
distribution in, in Late Cretaceous, 
588 
Loncoche Formation, dinosaur distribution 
in, in Late Cretaceous, 603 
Lopez de Bertodano Formation, dinosaur 
distribution in, in Late Cretaceous, 
606 
Los Alamitos Formation 
dinosaur distribution in, in Late 
Cretaceous, 603 
Hadrosauridae in, 441, 460 
Sauropoda in, 268, 311 
Los Blanquitos Formation 
dinosaur distribution in, in Late 
Cretaceous, 603 
Dromaeosauridae in, 199 
Sauropoda in, 269 
Los Colorados Formation 
dinosaur distribution in, in Late Triassic, 
528 
Prosauropoda in, 234-35, 255 
Tetanurae in, 78 
Los Hornitos Formation, dinosaur 
distribution in, in Late Cretaceous, 
602 
Los Rastros Formation, dinosaur distribution 
in, in Late Triassic, 528 
Lossiemouth Sandstone Formation 
dinosaur distribution in, in Late Triassic, 
521 
Saurischia in, 26 
Lourinha Formation 
Sauropoda in, 300 
Tetanurae in, 101, 103 
Lowenstein Formation, Prosauropoda in, 232, 
255 
Lower strata. See specific citation (e.g., 
Matanuska Formation, Lower) 


Luchak Svita, dinosaur distribution in, 
in Early Cretaceous, 564 
Lufeng Series, Lower 
Ceratosauria in, 67 
Dark Red Beds 
dinosaur distribution in, in Early Jurassic, 
534 
Prosauropoda in, 234, 236, 252 
Thyreophora in, 336 
Dull Purplish Beds 
dinosaur distribution in, in Early Jurassic, 
534 
Prosauropoda in, 234, 236, 252-53 
Therizinosauroidea in, 152 
Prosauropoda in, 233, 234, 236, 252-53, 
255 
Tetanurae in, 78 
Therizinosauroidea in, 151, 152, 160, 163 
Luohandong Formation, dinosaur 
distribution in, in Early Cretaceous, 
567 
Lupata Series, dinosaur distribution in, 
in Early Cretaceous, 573 
Lura Formation 
dinosaur distribution in, in Early 
Cretaceous, 565 
Stegosauria in, 345 
Lushangfen Formation, dinosaur distribution 
in, in Early Cretaceous, 568 
Luxembourg, dinosaur distribution in, 522, 
522-23 


Maastricht Formation, dinosaur distribution 
in, in Late Cretaceous, 589 
Mabdi Formation, dinosaur distribution in, 
in Late Jurassic, 550 
Mackunda Formation 
dinosaur distribution in, in Early 
Cretaceous, 574 
Iguanodontia in, 416 
Madagascar 
Avialae in, 211-12, 221, 223-25 
Ceratosauria in, 47, 49-50, 66-67 
dinosaur distribution in, 46, 529, 530, 543, 
605 
Pachycephalosauria in, 475 
Prosauropoda in, 232 
Sauropoda in, 266, 270, 272-73, 313 
Madhya Pradesh State, India. See also Lameta 
Formation 
dinosaur distribution in, 525, 595 
Maevarano Formation 
Avialae in, 211-12 
Ceratosauria in, 49-50, 67 
dinosaur distribution in, in Late 
Cretaceous, 605 
Sauropoda in, 270, 313 
Mafeteng District, Lesotho, dinosaur 
distribution in, 529, 536 
Magnesian Conglomerate 
dinosaur distribution in, in Late Triassic, 
521-22 
Prosauropoda in, 236 
Mahadek Formation, dinosaur distribution 
in, in Late Cretaceous, 595 
Maharashtra, India, dinosaur distribution in, 
595 
Malawi 
dinosaur distribution in, 530, 573 
Sauropoda in, 269, 273, 312-13 
Maleri Formation, Lower 
dinosaur distribution in, in Late Triassic, 525 
Saurischia in, 26 
Mali, dinosaur distribution in, 529, 572, 604 
Malm, dinosaur distribution in, in Late 
Jurassic, 549 


Malmohus Lan, Sweden, dinosaur 
distribution in, 521, 533 
Manassas Sandstone, dinosaur distribution 
in, in Late Triassic, 521 
Manitoba, Canada 
Avialae in, 215 
dinosaur distribution in, 575, 578 
Manrakskaya Svita, dinosaur distribution in, 
in Late Cretaceous, 594 
Maree Formation 
dinosaur distribution in, in Early 
Cretaceous, 574 
Tetanurae in, 76, 108 
Margyang Formation 
dinosaur distribution in, in Late 
Cretaceous, 597 
Pachycephalosauria in, 465 
Marilia Formation, dinosaur distribution in, 
in Late Cretaceous, 601 
Marnes a Belemnopsis latesulcatus Formation 
dinosaur distribution in, in Middle Jurassic, 
541 
Stegosauria in, 344 
Marnes d’Auzas Formation, dinosaur 
distribution in, in Late Cretaceous, 
590 
Marnes de Bléville, dinosaur distribution in, 
in Late Jurassic, 547 
Marnes de Chalin Formation, dinosaur 
distribution in, in Late Triassic, 523 
Marnes de Dives 
dinosaur distribution in, in Middle Jurassic, 
541 
Tetanurae in, 73 
Marnes Irisées Supérieures Formation 
dinosaur distribution in, in Late Triassic, 523 
Prosauropoda in, 235 
Marnes rouges de Roquelongue, dinosaur 
distribution in, in Late Cretaceous, 
590 
Marnes Rouges Inférieures Formation 
Avialae in, 214 
dinosaur distribution in, in Late 
Cretaceous, 590 
Iguanodontia in, 414 
Sauropoda in, 268, 311 
Marsa Matruoh, Egypt, dinosaur distribution 
in, 605 
Marshalltown Formation 
dinosaur distribution in, in Late 
Cretaceous, 586-87 
Hadrosauridae in, 440 
Tyrannosauroidea in, 112 
Marsh’s Quarry, Stegosauria in, 359 
Maryland, United States 
dinosaur distribution in, 519, 521, 556, 587 
Sauropoda in, 266, 308, 315, 321 
Maseru District, Lesotho, dinosaur 
distribution in, 529 
Mashonaland North, Zimbabwe, dinosaur 
distribution in, 528, 535, 552 
Mashonaland West, Zimbabwe, dinosaur 
distribution in, 535 
Massachusetts, United States 
Ceratosauria in, 48 
dinosaur distribution in, 519, 532 
Prosauropoda in, 234 
Masuk Formation, dinosaur distribution in, 
in Late Cretaceous, 579 
Matabeleland North, Zimbabwe, dinosaur 
distribution in, 535 
Matabeleland South, Zimbabwe, dinosaur 
distribution in, 528 
Matanuska Formation 
Lower, dinosaur distribution in, in Late 
Cretaceous, 587 
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Matanuska Formation (continued) 
Upper 
Ankylosauria in, 366 
dinosaur distribution in, in Late 
Cretaceous, 587 
Matsuo Group, dinosaur distribution in, 
in Early Cretaceous, 569 
Mayiacun Formation, dinosaur distribution 
in, in Late Cretaceous, 599 
McCoy Brook Formation, dinosaur 
distribution in, in Early Jurassic, 530 
McRae Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 581 
Tyrannosauroidea in, 113 
McShan Formation, Upper, dinosaur 
distribution in, in Late Cretaceous, 
587 
Mechooz Yerushalayim, Israel, dinosaur 
distribution in, 593 
Mecklenburg, Germany, dinosaur 
distribution in, 533 
Mecsek Coal Formation, dinosaur 
distribution in, in Early Jurassic, 534 
Medicine Bow Formation, dinosaur 
distribution in, in Late Cretaceous, 
584 
Meeteetse Formation, dinosaur distribution 
in, in Late Cretaceous, 584 
Meghalaya, India, dinosaur distribution in, 
595 
Megye Baranya, Hungary, dinosaur 
distribution in, 534 
Menefee Formation 
Ceratopsidae in, 494 
dinosaur distribution in, in Late 
Cretaceous, 580 
Meng-Yin Formation 
dinosaur distribution in, in Late Jurassic, 
551 
Sauropoda in, 262, 300 
Mercedes Formation, dinosaur distribution 
in, in Late Cretaceous, 601 
Merchantville Formation 
dinosaur distribution in, in Late 
Cretaceous, 586 
Hadrosauridae in, 440 
Mercia Mudstone Group, dinosaur 
distribution in, in Late Triassic, 
521 
Mesa Rica Formation, dinosaur distribution 
in, in Early Cretaceous, 555 
Mesaverde Formation, dinosaur distribution 
in, in Late Cretaceous, 579, 581 
Mexcala Formation, dinosaur distribution in, 
in Late Cretaceous, 587 
Mexico 
Avialae in, 212 
Ceratopsidae in, 494, 510 
dinosaur distribution in, 537, 538, 587-88 
Hadrosauridae in, 442 
Troodontidae in, 185 
Tyrannosauroidea in, 114, 133 
Middle strata. See specific citation (e.g., Purbeck 
Beds, Middle) 
Mid-Glamorgan, Wales, dinosaur distribution 
in, 521, 533 
Midland Formation, dinosaur distribution in, 
in Early Jurassic, 532 
Midlands, Zimbabwe, dinosaur distribution 
in, 552 
Mie Prefecture, Japan, dinosaur distribution 
in, 569 
Mifune Group, dinosaur distribution in, 
in Late Cretaceous, 600 


Mihune Formation, dinosaur distribution in, 
in Early Cretaceous, 569 
Milk River Formation 
dinosaur distribution in, in Late 
Cretaceous, 576 
Dromaeosauridae in, 198 
Tetanurae in, 77 
Minhe Formation 
Ceratopsia in, 480 
dinosaur distribution in, in Late 
Cretaceous, 598-99 
Dromaeosauridae in, 199 
Pachycephalosauria in, 466 
Minnes Formation, dinosaur distribution in, 
in Early Cretaceous, 553 
Miria Formation, dinosaur distribution in, 
in Late Cretaceous, 606 
Mississippi, United States, dinosaur 
distribution in, 554, 587 
Missouri, United States, dinosaur distribution 
in, 554, 586 
Mist Mountain Formation, dinosaur 
distribution in, in Late Jurassic, 
543 
Mitsuse Formation, dinosaur distribution in, 
in Late Cretaceous, 600 
Mkoawa Mtwara, Tanzania, dinosaur 
distribution in, 552 
Moenave Formation, dinosaur distribution in, 
in Early Jurassic, 532 
Mohales Hoek District, Lesotho, dinosaur 
distribution in, 529, 536 
Molecap Greensand, dinosaur distribution in, 
in Late Cretaceous, 606 
Molteno Formation, dinosaur distribution in, 
in Late Triassic, 528 
Mongolia. See also specific formation 
Ankylosauria in, 364, 367, 388-89, 391 
Avialae in, 211, 213-15, 222, 225 
Ceratopsia in, 479-80, 490-92 
dinosaur distribution in, 526, 550, 564, 
564-65, 595-97 
Dromaeosauridae in, 198-99, 207 
Hadrosauridae in, 441, 460-61 
Iguanodontia in, 415-16, 434-35 
Ornithomimosauria in, 137, 138, 146-47 
Oviraptorosauria in, 164, 166-67, 183 
Pachycephalosauria in, 465-66 
paleoecological studies, 624 
Sauropoda in, 263, 270, 303, 314-15 
Stegosauria in, 359 
Tetanurae in, 76, 108 
Therizinosauroidea in, 152, 159-60, 
162-63 
Troodontidae in, 185, 192, 194 
Tyrannosauroidea in, 111, 112-13, 128, 
132, 134 
Montana, United States 
Ankylosauria in, 365-66 
Avialae in, 212, 215 
Ceratopsia in, 480 
Ceratopsidae in, 495-96, 510 
dinosaur distribution in, 545, 556, 575, 
582-84 
in Early Jurassic, 531 
Dromaeosauridae in, 196, 198 
Hadrosauridae in, 438, 439-42, 461-62 
Iguanodontia in, 414, 432 
Ornithopoda in, 394-96, 411 
Oviraptorosauria in, 166-67 
Pachycephalosauria in, 465-66 
Sauropoda in, 266, 302, 306 
taphonomic studies in, 613 
Tetanurae in, 75, 77 
Troodontidae in, 185 
Tyrannosauroidea in, 112-13, 131-32, 134 
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Monte Grande Formation, dinosaur 
distribution in, in Early Cretaceous, 
560 
Montemarcello Formation, dinosaur 
distribution in, in Late Triassic, 525 
Moon-Ariel Formation 
Ceratosauria in, 48 
dinosaur distribution in, in Early Jurassic, 
533 
Mooreville Chalk Formation 
Avialae in, 213, 216 
dinosaur distribution in, in Late 
Cretaceous, 587 
Hadrosauridae in, 440 
Moreno Formation, dinosaur distribution in, 
in Late Cretaceous, 582 
Moreno Hill Formation 
Ceratopsia in, 491 
dinosaur distribution in, in Late 
Cretaceous, 580 
Therizinosauroidea in, 152, 160 
Morocco 
dinosaur distribution in, 46, 528, 529, 535, 
542-43, 552, 571, 604 
Prosauropoda in, 232, 234, 253 
Sauropoda in, 263, 265, 273, 301, 304, 306 
Stegosauria in, 343 
Tetanurae in, 73-75, 98, 100, 108 
Morrison Formation 
Ankylosauria in, 364, 366, 627 
Ceratosauria in, 49, 66 
dinosaur distribution in, 638 
in Late Jurassic, 543-45, 642 
Iguanodontia in, 414-15 
Ornithopoda in, 394-95, 411 
paleoecological studies, 624 
Sauropoda in, 262, 264-67, 271, 298-99, 
302, 304-9, 314-15, 321-22 
Stegosauria in, 344-45, 360 
taphonomic studies in, 612-13 
Tetanurae in, 72, 75-77, 96, 102-3, 106-7, 
109-10 
tracksites, 625 
Troodontidae in, 184 
Tyrannosauroidea in, 112, 128, 133 
?Morrison Formation 
dinosaur distribution in, in Late Jurassic, 
544 
Iguanodontia in, 415 
Sauropoda in, 265 
Moskovskaya Oblast, Russia, dinosaur 
distribution in, 541, 565 
Mount Laurel Formation 
dinosaur distribution in, in Late 
Cretaceous, 586-87 
Tyrannosauroidea in, 112 
Mowry Shale 
Ankylosauria in, 367 
dinosaur distribution in, in Early 
Cretaceous, 556 
Mozambique, dinosaur distribution in, 530, 
573 
Mpandi Formation 
dinosaur distribution in, in Late Triassic, 
528 
Prosauropoda in, 234 
Mugher Mudstone, dinosaur distribution in, 
in Late Jurassic, 552 
Muhafazah Sa’Dah, Republic of Yemen, 
dinosaur distribution in, 550 
Muhafazat Dimashq, Syria, dinosaur 
distribution in, 593 
Muhafazat Gharyan, Libya, dinosaur 
distribution in, 573 
Murtoi Formation, dinosaur distribution in, 
in Early Cretaceous, 563 


Musgqat, Sultanate of Oman, dinosaur 
distribution in, 593 


Nagano Prefecture, Japan, dinosaur 
distribution in, 535 
Nagatogawa Formation, dinosaur distribution 
in, in Early Cretaceous, 570 
Nagdong Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Naknek Formation, dinosaur distribution in, 
in Late Jurassic, 518, 545 
Namibia, dinosaur distribution in, 530, 535 
Nam Phong Formation 
dinosaur distribution in, in Late Triassic, 
527 
Prosauropoda in, 232 
Sauropoda in, 261, 298 
Nanchao Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Nanxiong Formation. See Yuanpu Formation 
Napan Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Natal, South Africa, dinosaur distribution in, 
605 
Navajo Formation 
Ceratosauria in, 48 
Navajo Sandstone 
Ceratosauria in, 68 
dinosaur distribution in, in Early Jurassic, 
532 
Prosauropoda in, 234 
Navesink Formation 
dinosaur distribution in, in Late 
Cretaceous, 586 
Hadrosauridae in, 441 
Tyrannosauroidea in, 112 
Nawoiy Wiloyati, Uzbekistan, dinosaur 
distribution in, 594 
Nebraska, United States 
Avialae in, 214-15 
dinosaur distribution in, 556, 586 
Nei Mongol Zizhiqu, People’s Republic of 
China 
Ankylosauria in, 389 
dinosaur distribution in, 567-68, 598-99 
Hadrosauridae in, 460 
Nemegt Formation (Nemegt Svita) 
Ankylosauria in, 364 
Avialae in, 211, 213, 215 
dinosaur distribution in, in Late 
Cretaceous, 596-97 
Dromaeosauridae in, 198 
Hadrosauridae in, 441, 461 
Ornithomimosauria in, 138, 146 
Oviraptor in, 620 
Oviraptorosauria in, 166-67 
Pachycephalosauria in, 465, 476 
Sauropoda in, 263, 270, 303, 314-15 
Therizinosauroidea in, 152, 160, 163 
Troodontidae in, 185, 192-93 
Tyrannosauroidea in, 112-13, 133-34 
Nemegt Svita. See Nemegt Formation 
(Nemegt Svita) 
Neocomian Sands, dinosaur distribution in, 
in Early Cretaceous, 563 
Neslen Formation, dinosaur distribution in, 
in Late Cretaceous, 579 
The Netherlands, dinosaur distribution in, 
557, 589 
Nevada, United States, dinosaur distribution 
in, 553, 582 
Newark Canyon Formation, dinosaur 
distribution in, in Late Cretaceous, 
582 
Newark Supergroup, Upper, Prosauropoda in, 
233 


New Egypt Formation. See Navesink 
Formation 
New Jersey, United States 
dinosaur distribution in, 519, 521, 532, 586 
Hadrosauridae in, 438, 440-41 
Tyrannosauroidea in, 112 
New Mexico, United States 
Ankylosauria in, 365 
Ceratopsia in, 491 
Ceratopsidae in, 494, 496, 510 
Ceratosauria in, 48, 50, 69-70 
dinosaur distribution in, 519-20, 520, 538, 
544, 553, 555, 580-81 
Dromaeosauridae in, 198 
Hadrosauridae in, 439-40, 442 
Saurischia in, 26 
Sauropoda in, 264-66, 268, 305-6, 311 
taphonomic studies in, 613 
Tetanurae in, 75 
Therizinosauroidea in, 152, 160, 164 
Tyrannosauroidea in, 112-13, 131 
New Oxford Formation, dinosaur distribution 
in, in Late Triassic, 521 
New South Wales, Australia 
dinosaur distribution in, 531, 574 
Ornithopoda in, 394, 410 
New York, United States, dinosaur 
distribution in, 519, 521 
New Zealand 
Ankylosauria in, 391 
dinosaur distribution in, 606 
Nichkesaisk Formation, dinosaur distribution 
in, in Late Cretaceous, 594 
Niederésterreich, Austria, dinosaur 
distribution in, 592 
Niedersachsen, Germany, dinosaur 
distribution in, 549, 562 
Niger 
dinosaur distribution in, 529, 552, 572-73, 
605 
Iguanodontia in, 415-17, 434 
Sauropoda in, 263, 265, 273, 304, 306 
Tetanurae in, 72-73, 75, 77, 97-98 
Ningxia Huizu Zizhiqu, People’s Republic of 
China, dinosaur distribution in, 568, 
599 
Niobrara Chalk Formation 
Ankylosauria in, 367 
Avialae in, 214-16 
dinosaur distribution in, in Late 
Cretaceous, 582, 586 
Hadrosauridae in, 439, 460 
Nivaux 1-7, dinosaur distribution in, in Late 
Triassic, 523 
Nivaux 8-13, dinosaur distribution in, in Early 
Jurassic, 533 
Nordrhein-Westphalen, Germany, dinosaur 
distribution in, 541, 549, 562 
Norfolk, England, dinosaur distribution in, 
546 
North America. See also specific country; 
specific formation 
Ankylosauria in, 388-91 
Avialae in, 220-22, 225 
Ceratopsia in, 478, 491-93 
Ceratopsidae in, 494, 510 
Ceratosauria in, 47, 68-69 
dinosaur distribution in, 46, 518-20, 
641-42 
in Early Cretaceous, 518, 531, 553, 
553-56, 554 
in Early Jurassic, 518-20, 530-32, 531 
in Late Cretaceous, 518-20, 537, 
553-54, 574-88, 575 
in Late Jurassic, 518, 520, 531, 543-45 
in Late Triassic, 518-20, 518-21 


in Middle Jurassic, 520, 531, 537, 537-43 
Dromaeosauridae in, 196, 207-8 
Hadrosauridae in, 438, 458, 460-61 
Iguanodontia in, 432, 434-35 
Ornithischia in, 333 
Ornithomimosauria in, 137, 148-49 
Ornithopoda in, 393, 410-11 
Oviraptorosauria in, 164, 183 
Pachycephalosauria in, 464, 475-76 
paleoecological studies, 624 
paleoenvironmental zones, 642 
Prosauropoda in, 233, 250-51, 255 
Sauropoda in, 259, 273, 299-300, 306, 311 
Stegosauria in, 343, 359 
Tetanurae in, 108-9 
Therizinosauroidea in, 164 
Troodontidae in, 184, 193-94 
Tyrannosauroidea in, 111, 128-30, 132-34 

Northampton Sands Formation, dinosaur 
distribution in, in Middle Jurassic, 
539 
Northamptonshire, England, dinosaur 
distribution in, 539-40 
North Carolina, United States 
dinosaur distribution in, 519, 521, 587 
Hadrosauridae in, 440 
North Dakota, United States 
Ceratopsidae in, 496 
dinosaur distribution in, 575, 585 
Hadrosauridae in, 440 
Pachycephalosauria in, 466 
taphonomic studies in, 613 
Tyrannosauroidea in, 113 
Northern Ireland, dinosaur distribution in, 
522, 533 
Northern Province, Malawi 
dinosaur distribution in, 573 
Sauropoda in, 312-13 
Northern Province, Sudan, dinosaur 
distribution in, 605 
Northern Province, Zambia, dinosaur 
distribution in, 573 
Northern Territory, Australia, dinosaur 
distribution in, 531, 574 
North Horn Formation 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 579 
Sauropoda in, 268, 311 
Tyrannosauroidea in, 113 
North Island, New Zealand, dinosaur 
distribution in, 606 
North Korea, dinosaur distribution in, 526, 
568 
Northwest Territories, Canada 
Avialae in, 215 
Ceratopsidae in, 494 
dinosaur distribution in, 575 
in Late Triassic, 518 
North Yorkshire, England, dinosaur 
distribution in, 533, 538-39, 545, 
558 
Norway, dinosaur distribution in, 562 
Nova Scotia, Canada, dinosaur distribution in 
in Early Jurassic, 530 
in Late Triassic, 518, 519 
Nubian Formation, Variegated Shale of, 
dinosaur distribution in, in Late 
Cretaceous, 605 
Nubian Sandstone, dinosaur distribution in, 
in Late Cretaceous, 605 
Nugget Sandstone, dinosaur distribution in, 
in Early Jurassic, 532 


Obcina Divaca, Slovenia, dinosaur 
distribution in, 592 
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Obcina Idrija, Slovenia, dinosaur distribution 
in, 525 
Obere Bunte Mergel 
dinosaur distribution in, in Late Triassic, 524 
Prosauropoda in, 235 
Oberer Semionotensandstein, dinosaur 
distribution in, in Late Triassic, 524 
Obernkirchen Sandstein 
dinosaur distribution in, in Early 
Cretaceous, 562 
Pachycephalosauria in, 465 
Ober Solnhofen Plattenkalk 
Avialae in, 211 
dinosaur distribution in, in Late Jurassic, 
549 
Tetanurae in, 76 
Ojinaga Formation, dinosaur distribution in, 
in Late Cretaceous, 588 
Oklahoma, United States 
Ceratosauria in, 66 
dinosaur distribution in, 520, 538, 544-45, 
554, 555 
Dromaeosauridae in, 198 
Iguanodontia in, 415 
Sauropoda in, 264, 267, 305, 309 
Tetanurae in, 75, 104 
Okurodani Formation, dinosaur distribution 
in, in Early Cretaceous, 569 
Oldman Formation 
dinosaur distribution in, in Late 
Cretaceous, 576 
Dromaeosauridae in, 198 
Hadrosauridae in, 439, 441 
Ornithopoda in, 395 
Pachycephalosauria in, 465 
taphonomic studies in, 613 
Tyrannosauroidea in, 112, 131 
Oman. See Sultanate of Oman 
Omndogov’, Mongolia 
dinosaur distribution in, 564, 596-97 
Hadrosauridae in, 460-61 
Oncala Group, dinosaur distribution in, 
in Late Jurassic, 547 
Ondai Sair Formation. See Hiihteeg Svita 
Ondorukhaa Formation, dinosaur 
distribution in, in Early Cretaceous, 
564 
On Gong Formation, dinosaur distribution 
in, in Early Cretaceous, 567 
Ongtustik Qazaqstan Oblysy, Kazakhstan, 
dinosaur distribution in, 550, 594 
Oolite Formation. See Great Oolite Formation; 
Inferior Oolite Formation 
Oregon, United States, dinosaur distribution 
in, 575, 582 
“Ortega” Formation, dinosaur distribution in, 
in Late Cretaceous, 600 
Oshih Formation. See Hiihteeg Svita 
Osh Oblast, Kirghizia, dinosaur distribution 


in, 563, 594 
Ostan Kerman, Iran, dinosaur distribution in, 
534 


Ostan Mazandaran, Iran, dinosaur 
distribution in, 534 

Ostracod Limestone, dinosaur distribution in, 
in Middle Jurassic, 538 

Otjiqarongo, Namibia, dinosaur distribution 
in, 535 

Oum ed Diab Formation, dinosaur 
distribution in, in Early Cretaceous, 
572 

Ovorkhangai, Mongolia, dinosaur 
distribution in, 564, 597 

Oxford Clay 

dinosaur distribution in, in Middle Jurassic, 

540 


Lower 
Ankylosauria in, 367 
dinosaur distribution in, in Middle 
Jurassic, 539-40 
Sauropoda in, 265, 302 
Stegosauria in, 344 
Middle 
dinosaur distribution in, in Middle 
Jurassic, 540 
Tetanurae in, 72, 97 
Upper, Tetanurae in, 99 
Oxfordshire, England 
dinosaur distribution in, 540, 546, 558 
Sauropoda in, 301, 303, 308 


Pab Formation, dinosaur distribution in, in 
Late Cretaceous, 595 
Packard Formation, dinosaur distribution in, 
in Late Cretaceous, 588 
Pajarito Formation, dinosaur distribution in, 
in Early Cretaceous, 555 
Pakistan, dinosaur distribution in, 525, 595 
Palau Formation, dinosaur distribution in, 
in Late Cretaceous, 588 
Paluxy Formation 
dinosaur distribution in, in Early 
Cretaceous, 555 
Iguanodontia in, 414 
Sauropoda in, 266, 308 
Passaic Formation 
Lower, dinosaur distribution in, in Late 
Triassic, 521 
Upper, dinosaur distribution in, in Early 
Jurassic, 532 
Patcham Formation, dinosaur distribution in, 
in Middle Jurassic, 541 
Patuxent Formation, dinosaur distribution in, 
in Early Cretaceous, 556 
Paw Paw Formation 
Ankylosauria in, 365, 367 
dinosaur distribution in, in Early 
Cretaceous, 555 
Pebbly Arkose, dinosaur distribution in, in 
Late Triassic, 528 
Pekin Formation, dinosaur distribution in, 
in Late Triassic, 521 
Pen Formation, dinosaur distribution in, in 
Late Cretaceous, 581 
Penglaizhen Formation 
dinosaur distribution in, in Late Jurassic, 551 
Sauropoda in, 262 
Pennsylvania, United States, dinosaur 
distribution in, 519, 521 
People’s Republic of China 
Ankylosauria in, 364, 366-67, 388-89, 391 
Avialae in, 211-14, 216, 221, 223-24 
Ceratopsia in, 479-80, 490-92 
Ceratosauria in, 67 
dinosaur distribution in, 526, 534-35, 
541-42, 550-51, 564, 565-68, 
597-600 
Dromaeosauridae in, 196, 198-99 
Hadrosauridae in, 439, 441-42, 460 
Iguanodontia in, 415-17, 434-35 
Ornithomimosauria in, 138, 147 
Ornithopoda in, 393, 394-95, 410 
Oviraptorosauria in, 164, 166-67 
Pachycephalosauria in, 465-66 
paleoecological studies, 624 
Prosauropoda in, 233, 234, 236, 254-55 
Sauropoda in, 261-63, 265, 268-69, 272, 
298-302, 305-6, 310, 312, 321 
Stegosauria in, 343, 344-45, 358-59 
taphonomic studies in, 613 
Tetanurae in, 72-74, 76-77, 94, 99, 101-2, 
104-5, 108 
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Therizinosauroidea in, 151, 152, 160, 
163-64 
Thyreophora in, 336, 342 
Troodontidae in, 184, 185, 193-94 
Tyrannosauroidea in, 111, 113, 132-33 
Peru, dinosaur distribution in, 526, 600 
Petrified Forest Formation 
Ceratosauria in, 48 
dinosaur distribution in, in Late Triassic, 
518, 520 
Saurischia in, 26 
Phosphate Beds, dinosaur distribution in, 
in Late Cretaceous, 605 
Phosphorite Unit, Balqa Group, dinosaur 
distribution in, in Late Cretaceous, 
§93 
Phra Wihan Formation, dinosaur distribution 
in, in Early Cretaceous, 569 
Phu Kradung Formation, dinosaur 
distribution in, in Late Jurassic, 551 
Phu Phan Formation, dinosaur distribution 
in, in Early Cretaceous, 569 
Pictured Cliffs Sandstone, dinosaur 
distribution in, in Late Cretaceous, 
580 
Piedrahita de Muno Formation, dinosaur 
distribution in, in Early Cretaceous, 
560 
Pierre Shale Formation 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 578, 584-86 
Pietraroia Plattenkalk, Tetanurae in, 105 
Pinyon Conglomerate, dinosaur distribution 
in, in Late Cretaceous, 584 
Piranhas Formation, dinosaur distribution in, 
in Early Cretaceous, 571 
Plainview Formation, dinosaur distribution 
in, in Early Cretaceous, 555 
Plattensandstein, dinosaur distribution in, 
in Late Triassic, 524 
Point Loma Formation, dinosaur distribution 
in, in Late Cretaceous, 582 
Point Lookout Sandstone, dinosaur 
distribution in, in Late Cretaceous, 
580 
Poland, dinosaur distribution in, 523, 525, 
534, 541 
Popo Agie Formation, dinosaur distribution 
in, in Late Triassic, 520 
Portezuelo Formation. See also Rio Neuquén 
Formation 
dinosaur distribution in, in Late Triassic, 
528 
Portland Formation 
Ceratosauria in, 68 
dinosaur distribution in, in Early Jurassic, 
532 
Prosauropoda in, 234 
?Portland Formation, Ceratosauria in, 48 
Portland Stone, dinosaur distribution in, 
in Late Jurassic, 546 
Portugal 
Ankylosauria in, 366, 391 
dinosaur distribution in, 522, 533, 539, 
541, 548-49, 557, 562, 592 
Dromaeosauridae in, 199 
Iguanodontia in, 415, 435 
Sauropoda in, 262, 265, 267, 300, 303, 308 
Stegosauria in, 344, 358 
Tetanurae in, 74, 96, 99, 101, 103, 109-10 
Tyrannosauroidea in, 128, 134 
Posidonienschiefer 
dinosaur distribution in, in Early Jurassic, 
533 
Sauropoda in, 261 


Potton Sands 
dinosaur distribution in, in Early 
Cretaceous, 558 
Iguanodontia in, 416 
Stegosauria in, 344 
Precipice Sandstone, dinosaur distribution in, 
in Early Jurassic, 536 
Préfecture de Azilal, Morocco, dinosaur 
distribution in, 543 
Preiesener Formation, dinosaur distribution 
in, in Late Cretaceous, 592 
Presovsky Kraj, Slovakia, dinosaur 
distribution in, 525 
Prince Creek Formation 
Ceratopsidae in, 495 
dinosaur distribution in, in Late 
Cretaceous, 587 
Dromaeosauridae in, 198 
Troodontidae in, 185 
Prosauropoda in, 234 
Province d’Agadir, Morocco, dinosaur 
distribution in, 604 
Province de Beni Mellal, Morocco, dinosaur 
distribution in, 535, 542-43 
Province de Fes, Morocco, dinosaur 
distribution in, 543 
Province de Ksar-es-Souk, Morocco, dinosaur 
distribution in, 571, 604 
Province de la Hainaut, Belgium, dinosaur 
distribution in, 559 
Province de Limburg, Belgium, dinosaur 
distribution in, 589 
Province de Marrakech, Morocco, dinosaur 
distribution in, 528, 535, 552 
Province de Namur, Belgium, dinosaur 
distribution in, 589 
Province de Nord, Cameroun, dinosaur 
distribution in, 573 
Province d’Ouarzazate, Morocco, dinosaur 
distribution in, 535 
Province du Luxembourg, Belgium, dinosaur 
distribution in, 522 
Province of Loja, Ecuador, dinosaur 
distribution in, 570 
Provincia de Antofagasta, Chile, dinosaur 
distribution in, 542, 552 
Provincia de Asturias, Spain, dinosaur 
distribution in, 547-48 
Provincia de Barcelona, Spain, dinosaur 
distribution in, 592 
Provincia de Biobio, Chile, dinosaur 
distribution in, 602 
Provincia de Burgos, Spain, dinosaur 
distribution in, 560, 591 
Provincia de Castellon, Spain, dinosaur 
distribution in, 562 
Provincia de Chubut, Argentina 
Ceratosauria in, 66 
dinosaur distribution in, 542, 571, 602 
Hadrosauridae in, 461 
Ornithopoda in, 411 
Sauropoda in, 299, 302, 310 
Provincia de Colchagua, Chile, dinosaur 
distribution in, 552, 571 
Provincia de Concepcion, Chile, dinosaur 
distribution in, 601 
Provincia de Copaipo, Chile, dinosaur 
distribution in, 602 
Provincia de Coquimbo, Chile, dinosaur 
distribution in, 602 
Provincia de Cuenca, Spain, dinosaur 
distribution in, 561-62, 591 
Provincia de Entre Rios, Argentina, dinosaur 
distribution in, 603 
Provincia de Huesca, Spain, dinosaur 
distribution in, 592 


Provincia de la Pampa, Argentina, dinosaur 
distribution in, 604 
Provincia de la Rioja, Argentina, dinosaur 
distribution in, 528, 602 
Provincia de la Rioja, Spain 
dinosaur distribution in, 560-61 
Tetanurae in, 98 
Provincia de Limari, Chile, dinosaur 
distribution in, 602 
Provincia de Lleida, Spain, dinosaur 
distribution in, 561, 591 
Provincia de Mendoza, Argentina, dinosaur 
distribution in, 603 
Provincia de Neuquén, Argentina 
dinosaur distribution in, 571, 602-3 
taphonomic studies in, 611 
Provincia de Rio Negro, Argentina, dinosaur 
distribution in, 603-4 
Provincia de Salta, Argentina, dinosaur 
distribution in, 603 
Provincia de San Juan, Argentina, dinosaur 
distribution in, 528 
Provincia de San Luis, Argentina, dinosaur 
distribution in, 571 
Provincia de Santa Cruz, Argentina 
dinosaur distribution in, 528, 542, 552, 602 
Sauropoda in, 310 
Provincia de Segovia, Spain, dinosaur 
distribution in, 591-92 
Provincia de Soria, Spain, dinosaur 
distribution in, 547, 591 
Provincia de Tarapaca, Chile, dinosaur 
distribution in, 552 
Provincia de Teruel, Spain, dinosaur 
distribution in, 548, 560, 591 
Provincia de Valencia, Spain, dinosaur 
distribution in, 548, 560, 591 
Provincia de Vizcaya, Spain, dinosaur 
distribution in, 560 
Provincie Limburg, The Netherlands, 
dinosaur distribution in, 589 
Przysucha Formation, dinosaur distribution 
in, in Early Jurassic, 534 
Puerto Yerua Formation, dinosaur 
distribution in, in Late Cretaceous, 
603 
Purbeck Beds 
Lower, dinosaur distribution in, in Early 
Cretaceous, 558 
Middle 
dinosaur distribution in, in Early 
Cretaceous, 558 
Iguanodontia in, 415 
Ornithopoda in, 394 
Upper, dinosaur distribution in, in Early 
Cretaceous, 558 
Purbeck Limestone Formation 
dinosaur distribution in 
in Early Cretaceous, 559 
in Late Jurassic, 546 
Sauropoda in, 315 
P’Yongan Pukdo, North Korea, dinosaur 
distribution in, 568 


Qachas Nek District, Lesotho, dinosaur 
distribution in, 536 
Qagannur Formation, dinosaur distribution 
in, in Early Cretaceous, 567 
Qashqadaryo Wiloyati, Uzbekistan, dinosaur 
distribution in, 550 
Qigu Formation, dinosaur distribution in, in 
Late Jurassic, 551 
Qingshan Formation 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 567 


Qoraqalpoghiston Respublikasi, Uzbekistan, 
dinosaur distribution in, 563, 
594 
Quantou Formation, dinosaur distribution in 
in Early Cretaceous, 567 
in Late Cretaceous, 598 
Quarziti Viola Zonate Formation, dinosaur 
distribution in, in Late Triassic, 524 
Quebrada del Barro Formation 
dinosaur distribution in, in Late Triassic, 
528 
Prosauropoda in, 235 
Queensland, Australia 
Ankylosauria in, 364 
Avialae in, 213 
dinosaur distribution in, 529, 531, 536, 
543, 573-74, 606 
Iguanodontia in, 416, 432 
Sauropoda in, 267, 299, 310 
Quiba Formation 
dinosaur distribution in, in Late 
Cretaceous, 599 
Tyrannosauroidea in, 113 
Quiriquina Formation, dinosaur distribution 
in, in Late Cretaceous, 602 
Quthing District, Lesotho, dinosaur 
distribution in, 536 
Quwu Formation, dinosaur distribution in, 
in Late Cretaceous, 597 
Quxian Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Qyzylorda Oblysy, Kazakhstan, dinosaur 
distribution in, 594 


Rajasthan, India, dinosaur distribution in, 
550 
Raritan Formation, dinosaur distribution in, 
in Late Cretaceous, 586 
Raton Formation, dinosaur distribution in, 
in Late Cretaceous, 581 
Rayoso Formation 
dinosaur distribution in, in Early 
Cretaceous, 571 
Sauropoda in, 264, 304 
Razorback Beds, dinosaur distribution in, 
in Early Jurassic, 536 
Red Beds. See also Continental Red Beds 
dinosaur distribution in, in Late 
Cretaceous, 599 
Red Beds of Hermiin Tsav 
Ankylosauria in, 364 
Avialae in, 213 
Ceratopsia in, 479 
dinosaur distribution in, in Late 
Cretaceous, 596-97 
Oviraptorosauria in, 167 
Redonda Formation, dinosaur distribution in, 
in Late Triassic, 520 
Region de Gao, Mali, dinosaur distribution in, 
572, 604 
Regione Campania, Italy, dinosaur 
distribution in, 562 
Regione Friuli-Venezia Giulia, Italy, dinosaur 
distribution in, 525, 592 
Regione Liguria, Italy, dinosaur distribution 
in, $25 
Regione Lombardia, Italy, dinosaur 
distribution in, 533 
Regione Puglia, Italy, dinosaur distribution in, 
562, 592 
Regione Toscana, Italy, dinosaur distribution 
in, 524 
Regione Trentino-Alto Adige, Italy, dinosaur 
distribution in, 524, 533 
Regione Veneto, Italy, dinosaur distribution 
in, 524-25, 533 
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Reline Dabasu Formation. See Iren Dabasu 
Formation 
Republic of Yemen, dinosaur distribution in, 
550, 572 
Reuchenette Formation, dinosaur 
distribution in, in Late Jurassic, 549 
Rhaetic Beds 
dinosaur distribution in, in Late Triassic, 
521 
Tetanurae in, 74 
Rhatsandstein, dinosaur distribution in, 
in Late Triassic, 524 
Rift Valley Province, Kenya, dinosaur 
distribution in, 605 
Ringbone Formation, dinosaur distribution 
in, in Late Cretaceous, 580 
Rio Colorado Formation 
Avialae in, 211-13 
Ceratosauria in, 48-49, 66 
dinosaur distribution in, in Late 
Cretaceous, 603-4 
Ornithopoda in, 395 
Sauropoda in, 269-70, 311, 313 
Tetanurae in, 75, 103 
Rio Limay Formation 
Ceratosauria in, 49 
dinosaur distribution in, in Late 
Cretaceous, 602-3 
Ornithopoda in, 394 
Sauropoda in, 264, 267, 304, 309 
Tetanurae in, 75, 1031104, 110 
Rio Neuquén Formation 
Avialae in, 211 
dinosaur distribution in, in Late 
Cretaceous, 603 
Dromaeosauridae in, 198-99 
Sauropoda in, 269 
Ripley Formation, dinosaur distribution in, 
in Late Cretaceous, 586-87 
Rock Point Formation 
Ceratosauria in, 48 
dinosaur distribution in, in Late Triassic, 
520 
Romania 
Ankylosauria in, 366 
dinosaur distribution in, 523, 562, 
592-93 
Hadrosauridae in, 439, 457-58 
Iguanodontia in, 414-15, 434 
paleoecological studies, 624 
Sauropoda in, 269, 312 
Tetanurae in, 99 
Rupelo Formation, dinosaur distribution in, 
in Early Cretaceous, 560 
Russia 
Ceratopsia in, 479 
dinosaur distribution in, 541, 550, 563, 
565-66, 593-94 
Hadrosauridae in, 441-42, 460 
Tetanurae in, 73 
Troodontidae in, 185 
Rutland, England, dinosaur distribution in, 
540 
“Rutland Clay” 
dinosaur distribution in, in Middle Jurassic, 
540 
Sauropoda in, 263 
Ryugase Group 
dinosaur distribution in, in Late 
Cretaceous, 593-94 
Hadrosauridae in, 442 


Sables de Brézé, dinosaur distribution in, 
in Late Cretaceous, 590 

Sables de Cherré, dinosaur distribution in, 
in Late Jurassic, 547 


Sables du Lussant, dinosaur distribution in, 
in Late Cretaceous, 590 
Sables et Gres a Trigonia gibbosa, dinosaur 
distribution in, in Late Jurassic, 547 
Sables vert de l’Albien, dinosaur distribution 
in, in Early Cretaceous, 560 
Sachalinskaya Oblast, Russia, dinosaur 
distribution in, 566 
Sachsen-Anhalt, Germany, dinosaur 
distribution in, 524 
Sagog Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Sainshand Svita, dinosaur distribution in, 
in Early Cretaceous, 564 
St. Mary River Formation 
Ankylosauria in, 365 
Ceratopsia in, 480 
Ceratopsidae in, 495 
dinosaur distribution in, in Late 
Cretaceous, 577-78, 583-84 
Hadrosauridae in, 440 
Sakhalinskaya Oblast, Russia, dinosaur 
distribution in, 593-94 
Saltrio Formation, dinosaur distribution in, 
in Early Jurassic, 533 
Saltwick Formation, dinosaur distribution in, 
in Middle Jurassic, 538-39 
San Carlos Formation, dinosaur distribution 
in, in Late Cretaceous, 581 
Sand Wells Formation, dinosaur distribution 
in, in Early Cretaceous, 555 
Sangarskaya Svita, dinosaur distribution in, 
in Early Cretaceous, 563 
San Giovanni Rotondo Formation, dinosaur 
distribution in, in Early Cretaceous, 
562 
Sangping Formation 
dinosaur distribution in 
in Early Cretaceous, 568 
in Late Cretaceous, 599 
Iguanodontia in, 416, 435 
“San Jorge” formation. See Bajo Barreal 
Formation 
Sanpetru Formation 
Ankylosauria in, 366 
dinosaur distribution in, in Late 
Cretaceous, 592-93 
Hadrosauridae in, 439 
Iguanodontia in, 414 
Sauropoda in, 269, 312 
Santa Lucia Formation, dinosaur distribution 
in, in Late Cretaceous, 601 
Santa Maria Formation 
Prosauropoda in, 232, 235 
Saurischia in, 45 
Upper 
dinosaur distribution in, in Late Triassic, 
S27 
Saurischia in, 26 
Santa Marta Formation, dinosaur distribution 
in, in Late Cretaceous, 606 
Santana Formation 
dinosaur distribution in, 639 
in Early Cretaceous, 570 
Tetanurae in, 73, 76, 98, 104 
Tyrannosauroidea in, 114, 133 
Santa Rosa Formation, dinosaur distribution 
in, in Late Triassic, 519 
Sao Khua Formation 
dinosaur distribution in, in Early 
Cretaceous, 569 
Sauropoda in, 268, 311 
Tetanurae in, 74, 99, 101 
Saskatchewan, Canada 
Avialae in, 215 
Ceratopsidae in, 496 
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dinosaur distribution in, 575, 578 
Dromaeosauridae in, 198 
Hadrosauridae in, 440 
Ornithopoda in, 395 
Tetanurae in, 77 
Tyrannosauroidea in, 113, 134 
Savannakhet Khoueng, Laos, dinosaur 
distribution in, 569 
Scania, Sweden, dinosaur distribution in, 
588-89 
Schleswig-Holstein, Germany, dinosaur 
distribution in, 533 
Schrattenkalk Formation, Upper, dinosaur 
distribution in, in Early Cretaceous, 
562 
Scollard Formation 
Ankylosauria in, 365 
Ceratopsia in, 480 
Ceratopsidae in, 496 
dinosaur distribution in, in Late 
Cretaceous, 578 
Dromaeosauridae in, 198 
Hadrosauridae in, 440 
Ornithopoda in, 395 
Tetanurae in, 77 
Tyrannosauroidea in, 113 
Scotland 
dinosaur distribution in, 521, 522, 533, 
538, 539 
Saurischia in, 26 
Stegosauria in, 343 
Scots Bay Formation, dinosaur distribution in, 
in Early Jurassic, 530 
Sebayashi Formation, dinosaur distribution 
in, in Early Cretaceous, 570 
Secunduri Formation, dinosaur distribution 
in, in Late Cretaceous, 601 
Segovia Formation, dinosaur distribution in, 
in Early Cretaceous, 555 
Selma Group, dinosaur distribution in, in Late 
Cretaceous, 587 
Sengoku Formation, dinosaur distribution in, 
in Early Cretaceous, 570 
Seonso Conglomerate, dinosaur distribution 
in, in Late Cretaceous, 600 
Severn Formation, dinosaur distribution in, 
in Late Cretaceous, 587 
Severocesky Kraj, Czech Republic, dinosaur 
distribution in, 592 
Shaanxi, People’s Republic of China 
dinosaur distribution in, 542, 551, 567, 598 
Tetanurae in, 108 
Shandong, People’s Republic of China 
Ceratopsia in, 492 
dinosaur distribution in, 551, 567, 598 
Hadrosauridae in, 460 
Sauropoda in, 300 
Shanxi, People’s Republic of China 
Ankylosauria in, 389 
dinosaur distribution in, 568, 599 
Shanyang Formation 
dinosaur distribution in 
in Late Cretaceous, 598 
Hadrosauridae in, 441 
Tetanurae in, 77, 108 
Sharp’s Hill Formation, dinosaur distribution 
in, in Middle Jurassic, 540 
Shar Teeg Beds, dinosaur distribution in, 
in Late Jurassic, 550 
Shaximiao Formation 
Lower 
dinosaur distribution in, in Middle 
Jurassic, 542 
Ornithopoda in, 394-95, 410 
Sauropoda in, 261-62, 265, 298, 305 
Stegosauria in, 344, 360 


Tetanurae in, 72-73, 77, 94-95, 99, 108 
Sauropoda in, 261-62, 265, 272, 298, 300, 
305, 315, 321 
Upper 
dinosaur distribution in, in Late Jurassic, 
550-51 
Sauropoda in, 262, 300 
Stegosauria in, 344-45 
Tetanurae in, 74, 94, 102 
Sheep Pen Sandstone Formation, dinosaur 
distribution in, in Late Triassic, 520 
Shellenberger Canyon Formation, dinosaur 
distribution in, in Early Cretaceous, 
554 
Shemshak Formation, dinosaur distribution 
in, in Early Jurassic, 534 
Shendi Formation, dinosaur distribution in, 
in Late Cretaceous, 605 
Shestakovskaya Svita 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 563 
Shewa Province, Ethiopia, dinosaur 
distribution in, 552 
Shinekhudag Svita 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 565 
Ornithomimosauria in, 138 
Shirabad Svita, dinosaur distribution in, 
in Early Cretaceous, 564 
Shireegiin Gashuun Formation 
Ceratopsia in, 480 
dinosaur distribution in, in Late 
Cretaceous, 597 
“Shirigu” Formation. See On Gong Formation 
Shishugou Formation 
dinosaur distribution in, in Late Jurassic, 
551 
Ornithopoda in, 395 
Sauropoda in, 262 
Tetanurae in, 74, 102 
Shuttle Meadow Formation, dinosaur 
distribution in, in Early Jurassic, 532 
Sichuan, People’s Republic of China 
dinosaur distribution in, 534, 542, 550, 
565 
Ornithopoda in, 410 
Sauropoda in, 298, 300-301, 305 
Stegosauria in, 343, 358-60 
Tetanurae in, 94-95, 99, 102 
Sierra Perenchiza Formation, dinosaur 
distribution in, in Late Cretaceous, 
591 
Sigou Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Sinuiju Formation, dinosaur distribution in, 
in Early Cretaceous, 568 
Skye, Scotland, dinosaur distribution in, 533, 
538 
Sloan Canyon Formation, dinosaur 
distribution in, in Late Triassic, 520 
Slovakia, dinosaur distribution in, 523, 525 
Slovenia, dinosaur distribution in, 523, 525, 
§92 
Snake Ridge Formation, dinosaur distribution 
in, in Late Cretaceous, 588 
Soledad Beds, dinosaur distribution in, in Late 
Cretaceous, 588 
Solnhofen 
Avialae in, 210 
dinosaur distribution in, 639 
paleoecological studies, 624 
Tetanurae in, 105 
Somerset, England, dinosaur distribution in, 
521, 538 


Soncco Formation, dinosaur distribution in, 
in Late Cretaceous, 600 
Sousa Formation, dinosaur distribution in, 
in Early Cretaceous, 571 
South Africa 
Ceratosauria in, 48, 69 
dinosaur distribution in, 528, 530, 535-36, 
573, 605 
Ornithischia in, 333 
Ornithopoda in, 393, 394 
Prosauropoda in, 234-35, 251, 255 
Saurischia in, 26 
Sauropoda in, 261 
Stegosauria in, 343, 345, 360 
Tetanurae in, 76, 107 
South America. See also specific country; specific 
formation 
Avialae in, 222 
Ceratosauria in, 47, 66 
dinosaur distribution in, 45-46, 526-27, 
527-28 
in Early Cretaceous, 526-27, 570-71 
in Early Jurassic, 526, 535 
in Late Cretaceous, 526-27, 600-604 
in Late Jurassic, 526-27, 551-52 
in Middle Jurassic, 527, 542 
Hadrosauridae in, 438, 461 
Ornithischia in, 333 
Ornithopoda in, 393 
Sauropoda in, 272-73, 312 
Tetanurae in, 109 
South Australia, Australia, dinosaur 
distribution in, 531, 574 
South Carolina, United States, dinosaur 
distribution in, 519, 587 
South Dakota, United States 
Ankylosauria in, 365-66 
Ceratopsidae in, 496 
dinosaur distribution in, 531, 545, 556, 
575, 585-86 
Hadrosauridae in, 438, 440 
Iguanodontia in, 415-16 
Ornithopoda in, 394-95, 410 
Oviraptorosauria in, 166 
Pachycephalosauria in, 465 
Sauropoda in, 264 
Tetanurae in, 75 
Tyrannosauroidea in, 113, 128 
South Glamorgan, Wales, dinosaur 
distribution in, 521 
South Korea, dinosaur distribution in, 526, 
564, 568, 600 
South Platte Formation, dinosaur distribution 
in, in Early Cretaceous, 555 
Spain 
Avialae in, 212-13, 221 
dinosaur distribution in, 539, 547-48, 557, 
560-62, 591-92 
Iguanodontia in, 414, 416 
Ornithomimosauria in, 137, 138 
Ornithopoda in, 395 
Sauropoda in, 263, 269, 273, 302-3, 312 
Stegosauria in, 344 
Tetanurae in, 98 
Speeton Clay 
dinosaur distribution in, in Early 
Cretaceous, 558 
Iguanodontia in, 415 
Stockton beds, Upper, dinosaur distribution 
in, in Late Triassic, 521 
Stonesfield Slate 
dinosaur distribution in, in Middle Jurassic, 
540 
Tetanurae in, 72-73, 96 
Straight Cliffs Formation, dinosaur distri- 
bution in, in Late Cretaceous, 579 


Stubensandstein 
Ceratosauria in, 48, 68 
Lower 
dinosaur distribution in, in Late Triassic, 
524 
Prosauropoda in, 236 
Middle 
Ceratosauria in, 48 
dinosaur distribution in, in Late Triassic, 
524 
Prosauropoda in, 236 
Saurischia in, 26 
Subashi Formation 
dinosaur distribution in, in Late 
Cretaceous, 597-98 
Tyrannosauroidea in, 113, 132 
Sudan, dinosaur distribution in, 572, 605 
Suining Formation 
dinosaur distribution in, in Late Jurassic, 
551 
Sauropoda in, 262 
Sultanate of Oman, dinosaur distribution in, 
572, 593 
Summerville Formation 
dinosaur distribution in, in Middle Jurassic, 
538 
Sauropoda in, 261, 299 
Summit Creek Formation, dinosaur 
distribution in, in Late Cretaceous, 
575 
Sundays River Formation, dinosaur 
distribution in, in Early Cretaceous, 
573 
Sunjiawan Formation 
Ankylosauria in, 366 
dinosaur distribution in, in Early 
Cretaceous, 567 
Iguanodontia in, 417 
Suntar Series, dinosaur distribution in, 
in Late Jurassic, 550 
Surkhondaryo Wiloyati, Uzbekistan, dinosaur 
distribution in, 550, 563 
Surrey, England 
dinosaur distribution in, 559 
Tetanurae in, 97 
Svalbard, Norway, dinosaur distribution in, 
562 
Sweden, dinosaur distribution in, 521, 522, 
533, 557, 588-89 
Switzerland 
dinosaur distribution in, 539, 549, 557, 562 
in Late Triassic, 524 
Prosauropoda in, 235, 253 
Syderinskaya Oblast, Kazakhstan, 
Hadrosauridae in, 460 
Syria, dinosaur distribution in, 572, 593 


Tacuarembo Formation. See Puerto Yerua 
Formation 
Tadzhikistan 
dinosaur distribution in, 541, 550, 564, 
565, 594-95 
southwestern, dinosaur distribution in, 541, 
564 
Tahora Formation, dinosaur distribution in, 
in Late Cretaceous, 606 
“Tairum Nor” Formation. See On Gong 
Formation 
Takli Formation, dinosaur distribution in, 
in Late Cretaceous, 595 
Takutu Formation, dinosaur distribution in, 
in Late Jurassic, 552 
Tamayama Formation, dinosaur distribution 
in, in Late Cretaceous, 600 
Tamil Nadu, India, dinosaur distribution in, 
595 
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Tangshang Formation, dinosaur distribution 
in, in Late Cretaceous, 599 
Tanohata Formation, dinosaur distribution 

in, in Early Cretaceous, 570 
Tantalus Formation, dinosaur distribution in, 
in Late Cretaceous, 576 
Tanzania 
Ceratosauria in, 49, 66 
dinosaur distribution in, 530, 552 
Iguanodontia in, 414, 434 
Sauropoda in, 261, 264-65, 267-68, 272, 
299, 304-5, 308, 310, 315 
Stegosauria in, 344, 359-60 
Tetanurae in, 75, 103 
Tazukawa Formation, dinosaur distribution 
in, in Early Cretaceous, 569 
Tecocoyunca Formation, dinosaur 
distribution in, in Middle Jurassic, 
538 
Tecovas Formation 
dinosaur distribution in, in Late Triassic, 
520 
Saurischia in, 26 
Tegana Formation 
dinosaur distribution in, in Early 
Cretaceous, 571 
Sauropoda in, 263, 304 
Tetanurae in, 75, 98 
Telegraph Creek Formation, dinosaur 
distribution in, in Late Cretaceous, 
582 
Tendaguru Beds. See Tendaguru Formation 
Tendaguru Formation 
Ceratosauria in, 49, 66 
dinosaur distribution in, 638 
in Late Jurassic, 552 
Iguanodontia in, 414 
Sauropoda in, 261, 264-65, 267-68, 272, 
299, 304-5, 308, 310, 315, 321-22 
Stegosauria in, 344, 360 
Tetanurae in, 75, 103 
Tennessee, United States, dinosaur 
distribution in, 554, 587 
Tera-Beds 
dinosaur distribution in, in Early 
Cretaceous, 560 
Iguanodontia in, 416 
Terenes Formation, dinosaur distribution in, 
in Late Jurassic, 547 
Tete Province, Mozambique, dinosaur 
distribution in, 573 
Texas, United States 
Ankylosauria in, 365-67 
Avialae in, 216 
Ceratopsidae in, 496 
Ceratosauria in, 50 
dinosaur distribution in, 520, 520-21, 554, 
555, 581-82 
in Late Jurassic, 544 
Dromaeosauridae in, 198 
Hadrosauridae in, 458 
Iguanodontia in, 414, 417, 432, 434-35 
Ornithischia in, 326 
Ornithomimosauria in, 146 
Ornithopoda in, 393, 396 
Prosauropoda in, 232 
Protoavis in, 221 
Saurischia in, 26 
Sauropoda in, 266, 268, 308, 315 
Tetanurae in, 75, 77, 104, 108 
Tyrannosauroidea in, 113 
Thailand 
dinosaur distribution in, 527, 550, 551, 569 
Prosauropoda in, 232 
Sauropoda in, 261, 268, 272, 298, 311 
Stegosauria in, 343 


Tetanurae in, 74, 99, 101 
Thermopolis Shale 
Ankylosauria in, 367 
dinosaur distribution in, in Early 
Cretaceous, 556 
Thomas Fork Formation, dinosaur 
distribution in, in Early Cretaceous, 
556 
Thtirringen, Germany, dinosaur distribution 
in, 524 
Tibet, Stegosauria in, 343, 360 
Tiki Formation, dinosaur distribution in, 
in Late Triassic, 525 
Tilgate Formation, Sauropoda in, 308 
Tilougguit Formation, Sauropoda in, 306 
Tiourarén Formation 
dinosaur distribution in, in Early 
Cretaceous, 573 
Sauropoda in, 265, 306 
Tetanurae in, 72, 97 
Tochikubo Formation, dinosaur distribution 
in, in Late Jurassic, 551 
Tokushima Prefecture, Japan, dinosaur 
distribution in, 569, 600 
Tomanova Formation, dinosaur distribution 
in, in Late Triassic, 525 
Tongfosi Formation, dinosaur distribution in, 
in Early Cretaceous, 567 
Toolebuc Formation 
Avialae in, 213 
dinosaur distribution in, in Early 
Cretaceous, 573 
Toro Toro Formation. See El Molino 
Formation 
Toutunhe Formation, dinosaur distribution 
in, in Middle Jurassic, 542 
Towaco Formation, dinosaur distribution in, 
in Early Jurassic, 532 
Toyama Prefecture, Japan, dinosaur 
distribution in, 570 
Transvaal, South Africa, dinosaur distribution 
in, 528, 535 
Tremp Formation 
dinosaur distribution in, in Late 
Cretaceous, 592 
Lower 
dinosaur distribution in, in Late 
Cretaceous, 591 
Iguanodontia in, 414 
Tres Hermanos Formation, dinosaur 
distribution in, in Late Cretaceous, 
580 
Trichinopoly Group, dinosaur distribution in, 
in Late Cretaceous, 595 
Trinity Formation, dinosaur distribution in, 
in Early Cretaceous, 556 
Tropic Shale, dinosaur distribution in, 
in Late Cretaceous, 579 
Trossingen Formation 
dinosaur distribution in, in Late Triassic, 
524 
Prosauropoda in, 232, 235, 253, 255 
Tsagaan Svita 
dinosaur distribution in, in Late 
Cretaceous, 593, 599 
Hadrosauridae in, 439, 441-42 
Tsagaantsav Svita, dinosaur distribution in, 
in Early Cretaceous, 564 
Tuchengzi Formation 
Ceratopsia in, 480, 490 
dinosaur distribution in, in Late Jurassic, 
551 
Tugulu Group 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 567 
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Stegosauria in, 345 
Tetanurae in, 77, 99 
Tujingzi Formation, dinosaur distribution in, 
in Early Cretaceous, 567 
Tunisia 
dinosaur distribution in, 529, 571-72 
Sauropoda in, 263 
Tetanurae in, 75 
Turginskaya Svita 
dinosaur distribution in, in Early 
Cretaceous, 563 
Tetanurae in, 73 
Turkana Grits, dinosaur distribution in, 639 
in Late Cretaceous, 605 
Turkmenistan, dinosaur distribution in, 550, 
565 
Turney Ranch Formation, dinosaur 
distribution in, in Early Cretaceous, 
555 
Twin Mountain Formation 
dinosaur distribution in, in Early 
Cretaceous, 555 
Iguanodontia in, 414 
Ornithopoda in, 396 
Tetanurae in, 75, 104 
Two Medicine Formation 
Ceratopsidae in, 495 
Hadrosauridae in, 440-41, 461 
Lower 
dinosaur distribution in, in Late 
Cretaceous, 582-83 
Hadrosauridae in, 440 
middle part. See Oldman Formation 
Ornithopoda in, 395, 411 
Tyrannosauroidea in, 112, 131, 133-34 
Upper 
Ankylosauria in, 365-66 
Avialae in, 212 
Ceratopsidae in, 495 
dinosaur distribution in, in Late 
Cretaceous, 583 
Dromaeosauridae in, 198 
Hadrosauridae in, 440-41 
Ornithopoda in, 395 
Oviraptorosauria in, 166 
Troodontidae in, 185 
Tyrannosauroidea in, 112 
Tyva Respublika, dinosaur distribution in, 
550 


Uberaba Formation. See also Marilia 
Formation 
dinosaur distribution in, in Late 
Cretaceous, 601 
Uhangri Formation, dinosaur distribution in, 
in Late Cretaceous, 600 
Ukhaa Tolgod, Mongolia, Oviraptorosauria 
in, 183 
Ukraine, dinosaur distribution in, 523, 593 
Ulaan Malgait Beds, dinosaur distribution in, 
in Late Jurassic, 550 
Ulansuhai Formation 
Ankylosauria in, 364 
dinosaur distribution in, in Early 
Cretaceous, 568 
Ornithomimosauria in, 138 
Tetanurae in, 73 
Ulyanovskaya Avtonomnaya, Russia, 
dinosaur distribution in, 563 
Unduruh Formation, Avialae in, 214 
Unidade Amoreira-Porto Novo 
dinosaur distribution in, in Late Jurassic, 
548-49 
Sauropoda in, 262, 267 
Stegosauria in, 344 
Tetanurae in, 74 


Unidade Arranho 
dinosaur distribution in, in Late Jurassic, 
549 
Sauropoda in, 262 
Unidade Bombarral 
dinosaur distribution in, in Late Jurassic, 
548-49 
Iguanodontia in, 415 
Sauropoda in, 262, 267 
Stegosauria in, 344 
?Unidade Castehanos, Stegosauria in, 344 
Unidade Castelhanos, dinosaur distribution 
in, in Late Jurassic, 549 
Unidade Sobral 
dinosaur distribution in, in Late Jurassic, 
548-49 
Stegosauria in, 344 
Tetanurae in, 74 
?Unidade Sobral, Sauropoda in, 262 
United States. See specific state 
Unit S3U1 (Provincia de Burgos, Spain) 
dinosaur distribution in, in Late 
Cretaceous, 591 
Sauropoda in, 269 
Unnamed unit, Afghanistan, in Faryab 
Velayat, dinosaur distribution in, 
in Early Jurassic, 534 
Unnamed unit, Algeria 
in Wilaya Laghouat, dinosaur distribution 
in, in Late Cretaceous, 604 
in Wilaya Saida, dinosaur distribution in, 
in Early Jurassic, 535 
in Wilaya Tlemcen, dinosaur distribution 
in, in Middle Jurassic, 543 
Unnamed unit, Australia 
in Northern Territory, dinosaur distribution 
in, in Early Cretaceous, 574 
in Queensland, dinosaur distribution in 
in Early Cretaceous, 573 
in Middle Jurassic, 543 
Unnamed unit, Brazil, in Estado do 
Maranhao, dinosaur distribution in, 
in Late Cretaceous, 601 
Unnamed unit, Canada, in Northwest 
Territories 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 575 
Unnamed unit, Chile 
in Provincia de Antofagasta, dinosaur 
distribution in 
in Late Jurassic, 552 
in Middle Jurassic, 542 
in Provincia de Concepcion, dinosaur 
distribution in, in Late Cretaceous, 
601 
in Provincia de Limari, dinosaur 
distribution in, in Late Cretaceous, 
602 
Unnamed unit, Colombia, in Departamento 
de Santander, dinosaur distribution 
in, in Early Cretaceous, 570 
Unnamed unit, Denmark, in Bornholm Amt, 
dinosaur distribution in, in Early 
Cretaceous, 562 
Unnamed unit, England 
in Avon, dinosaur distribution in, in Late 
Triassic, 522 
of Fissure Fills, dinosaur distribution in, 
in Late Triassic, 522 
Unnamed unit, Georgia (Republic of), in 
K’Alak’I K’Ut’Aisi, dinosaur 
distribution in, 563 
Unnamed unit, Iran, in Ostan Mazandaran, 
dinosaur distribution in, in Early 
Jurassic, 534 


Unnamed unit, Israel, in Mechooz 
Yerushalayim, dinosaur distribution 
in, in Late Cretaceous, 593 
Unnamed unit, Japan 
in Fukuoka Prefecture, dinosaur 
distribution in, in Early Cretaceous, 
570 
in Gifu Prefecture, dinosaur distribution in, 
in Early Cretaceous, 569 
Unnamed unit, Kazakhstan, in Ongtustik 
Qazagqstan Oblysy, dinosaur 
distribution in, in Late Cretaceous, 
594 
Unnamed unit, Laos, in Khoueng, Sauropoda 
in, 270 
Unnamed unit, Luxembourg, dinosaur 
distribution in, in Late Triassic, 
522-23 
Unnamed unit, Mali, in Region de Gao, 
dinosaur distribution in, 604 
Unnamed unit, Mexico, in Estado de Puebla, 
dinosaur distribution in, in Middle 
Jurassic, 538 
Unnamed unit, Morocco 
in Province d’Agadir, dinosaur distribution 
in, in Late Cretaceous, 604 
in Province de Beni Mellal, dinosaur 
distribution in, in Middle Jurassic, 
543 
in Province de Fes, dinosaur distribution in, 
in Middle Jurassic, 543 
in Province de Marrakech, dinosaur 
distribution in 
in Early Jurassic, 535 
in Late Jurassic, 552 
Unnamed unit, Niger, in Département de 
Tahoua 
dinosaur distribution in, 605 
Tetanurae in, 77 
Unnamed unit, Romania 
in Alba 
Ankylosauria in, 366 
Iguanodontia in, 414 
in Judetul Alba, dinosaur distribution in, 
in Late Cretaceous, 593 
in Judetul Bihor, dinosaur distribution in, 
in Late Cretaceous, 592 
in Judetul Constantta, dinosaur 
distribution in, in Early Cretaceous, 
562 
Unnamed unit, Slovenia, in Obcina Idrija, 
dinosaur distribution in, in Late 
Triassic, 525 
Unnamed unit, South Africa, in Natal, 
dinosaur distribution in, in Late 
Cretaceous, 605 
Unnamed unit, South Korea 
in Chtilla Namdo, dinosaur distribution in, 
in Early Cretaceous, 569 
in Kyongsang Namdo, dinosaur 
distribution in, in Early Cretaceous, 
569 
Unnamed unit, Syria, in Muhafazat Dimashq, 
dinosaur distribution in, in Late 
Cretaceous, 593 
Unnamed unit, Tadzhikistan, in Viloyati 
Leninobod, dinosaur distribution in 
in Late Cretaceous, 594-95 
in Middle Jurassic, 541 
Unnamed unit, Turkmenistan, in Chardzhou 
Oblast, dinosaur distribution in, 
in Late Jurassic, 550 
Unnamed unit, Ukraine, in Krymskaya 
Oblast, dinosaur distribution in, 
in Late Cretaceous, 593 
Unnamed unit, United States 
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in Arizona, dinosaur distribution in, in 
Early Cretaceous, 555 
in Massachusetts, dinosaur distribution in, 
in Early Jurassic, 532 
in Nevada, dinosaur distribution in, in Late 
Cretaceous, 582 
Unnamed unit, Uzbekistan 
in Bukhara Wiloyati, dinosaur distribution 
in, in Late Cretaceous, 594 
in Surkhondaryo Wiloyati, dinosaur 
distribution in, in Late Jurassic, 550 
Unnamed unit, Wales 
in mid-Glamorgan, dinosaur distribution 
in, in Early Jurassic, 533 
in South Glamorgan 
dinosaur distribution in, in Late Triassic, 
$21 
Prosauropoda in, 236 
Unnamed units, Argentina 
in Provincia de Chubut, dinosaur 
distribution in, in Late Cretaceous, 
602 
in Provincia de la Rioja, dinosaur 
distribution in, in Late Cretaceous, 
602 
in Provincia de Neuquén, dinosaur 
distribution in, in Late Cretaceous, 
603 
in Provincia de Rio Negro, dinosaur 
distribution in, in Late Cretaceous, 
604 
in Provincia de Santa Cruz 
dinosaur distribution in, in Late 
Cretaceous, 602 
Sauropoda in, 267 
Unnamed units, Croatia, in Istarska Zupanija, 
dinosaur distribution in 
in Early Cretaceous, 562-63 
in Late Cretaceous, 592 
Unnamed units, France 
in Département de la Charente, dinosaur 
distribution in, in Late Jurassic, 
547 
in Département de la Charente-Maritime, 
dinosaur distribution in 
in Late Cretaceous, 590 
in Late Jurassic, 547 
in Middle Jurassic, 541 
in Département de la Dordogne, dinosaur 
distribution in 
in Early Jurassic, 533 
in Late Cretaceous, 589 
in Département de la Haute-Marne, 
dinosaur distribution in, in Late 
Jurassic, 546 
in Département de la Haute-Sa6ne, 
dinosaur distribution in, in Middle 
Jurassic, 540 
in Département de |’Ain, dinosaur 
distribution in, in Early Cretaceous, 
560 
in Département de la Meuse 
dinosaur distribution in 
in Early Cretaceous, 560 
in Late Jurassic, 547 
Tetanurae in, 73 
in Département de la Moselle, dinosaur 
distribution in, in Early Jurassic, 533 
in Département de la Niévre, dinosaur 
distribution in, in Late Jurassic, 547 
in Département de l’Ardeéche, dinosaur 
distribution in, in Late Triassic, 
523-24 
in Département de la Sarthe, dinosaur 
distribution in, in Late Cretaceous, 
590 


831 


Unnamed units, France (continued) 
in Département de la Seine-Maritime, 
dinosaur distribution in 
in Early Cretaceous, 560 
in Late Jurassic, 547 
in Département de la Vaucluse, dinosaur 
distribution in, in Late Cretaceous, 
590 
in Département de la Vendée, dinosaur 
distribution in, in Late Cretaceous, 
589 
in Département de l’Aveyron, dinosaur 
distribution in 
in Early Jurassic, 533 
in Middle Jurassic, 540 
in Département de la Vienne, dinosaur 
distribution in 
in Late Cretaceous, 590 
in Late Jurassic, 547 
in Département de l’Hérault 
Ankylosauria in, 366 
dinosaur distribution in 
in Early Jurassic, 533 
in Late Cretaceous, 589 
Iguanodontia in, 414 
in Département de |’Indre, dinosaur 
distribution in, in Middle Jurassic, 541 
in Département de l’Oise, dinosaur 
distribution in, in Early Cretaceous, 
560 
in Département des Ardennes, dinosaur 
distribution in, in Early Cretaceous, 
560 
in Département des Bouches-du-Rh6éne, 
dinosaur distribution in, in Late 
Cretaceous, 590-91 
in Département des Landes, dinosaur 
distribution in, in Late Cretaceous, 
590 
in Département du Calvados 
dinosaur distribution in 
in Late Jurassic, 546 
in Middle Jurassic, 541 
Tetanurae in, 74 
in Département du Doubs, dinosaur 
distribution in 
in Late Jurassic, 546 
in Middle Jurassic, 540 
in Département du Gard 
dinosaur distribution in 
in Early Cretaceous, 560 
in Late Cretaceous, 589 
in Late Triassic, 523 
Iguanodontia in, 414 
Tetanurae in, 75 
in Département du Jura, dinosaur 
distribution in 
in Late Jurassic, 546 
in Late Triassic, 523 
in Département du Lot, dinosaur 
distribution in, in Late Jurassic, 547 
in Département du Maine-et-Loire, 
dinosaur distribution in, in Late 
Cretaceous, 590 
in Département du Pas-de-Calais 
dinosaur distribution in 
in Early Cretaceous, 560 
in Late Jurassic, 547 
Tetanurae in, 73 
in Département du Var, dinosaur 
distribution in 
in Late Cretaceous, 589 
in Late Triassic, 523 
Unnamed units, Germany 
in Bayern, dinosaur distribution in, in Late 
Triassic, 524 


in Mecklenburg 
dinosaur distribution in, in Early Jurassic, 
533 
Thyreophora in, 336 
in Niedersachen, dinosaur distribution in, 
in Late Jurassic, 549 
in Nordrhein-Westphalen, dinosaur 
distribution in 
in Early Cretaceous, 562 
in Middle Jurassic, 541 
in Sachsen-Anhalt, dinosaur distribution 
in, in Late Triassic, 524 
in Schleswig-Holstein, dinosaur 
distribution in, in Early Jurassic, 533 
Unnamed units, Mongolia 
in Bayankhongor 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 564 
in Gov’Altai, dinosaur distribution in, 
in Early Cretaceous, 564 
in Omnégov’, dinosaur distribution in, 
in Early Cretaceous, 564 
in Ovérkhangai 
dinosaur distribution in, 597 
Pachycephalosauria in, 465 
Unnamed units, People’s Republic of China 
in Gansu, dinosaur distribution in, in Late 
Cretaceous, 598 
in Guangdong, dinosaur distribution in, 
in Late Cretaceous, 600 
in Heilongjiang 
dinosaur distribution in, in Late 
Cretaceous, 599 
Tyrannosauroidea in, 113 
in Henan, dinosaur distribution in, 
in Late Cretaceous, 599 
in Hubei, dinosaur distribution in, 
in Late Cretaceous, 599 
in Jilin, dinosaur distribution in, 
in Middle Jurassic, 542 
in Nei Mongol Zizhiqu 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 568 
in Ningxia Huizu Zizhiqu, dinosaur 
distribution in 
in Early Cretaceous, 568 
in Late Cretaceous, 599 
in Shaanxi, dinosaur distribution in, 
in Late Jurassic, 551 
in Shanxi, dinosaur distribution in, 
in Early Cretaceous, 568 
in Xinjiang Uygur Zizhiqu, dinosaur 
distribution in, in Late Jurassic, 551 
in Xizang Zizhiqu, dinosaur distribution in, 
in Early Cretaceous, 565 
Unnamed units, Portugal 
in Distrito do Coimbra 
dinosaur distribution in 
in Late Cretaceous, 592 
in Late Jurassic, 548 
Dromaeosauridae in, 199 
in Distrito do Leira, dinosaur distribution in 
in Early Jurassic, 533 
in Middle Jurassic, 541 
in Distrito do Lisboa 
Ankylosauria in, 366 
dinosaur distribution in, 562 
in Late Jurassic, 549 
in Distrito do Setubal 
dinosaur distribution in, 562 
in Late Jurassic, 549 
Stegosauria in, 344 
in Lisbon 
Sauropoda in, 262, 267 
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Tetanurae in, 74 
Unnamed units, Russia 
in Ap’Khazet’Is Avtonomiuri Respublika, 
dinosaur distribution in, in Late 
Jurassic, 550 
in Buriat-Mongolskaya Avtonomnaya 
Oblast, dinosaur distribution in, 
in Early Cretaceous, 563 
in Kurskaya Oblast, dinosaur distribution 
in, in Late Cretaceous, 593 
in Moskva, dinosaur distribution in, 
in Middle Jurassic, 541 
in Tyva Respublika, dinosaur distribution 
in, in Late Jurassic, 550 
in Ulyanovskaya Avtonomnaya, dinosaur 
distribution in, in Early Cretaceous, 
563 
in Volgograd Oblast, dinosaur distribution 
in, in Late Cretaceous, 593 
Unnamed units, Spain 
in Provincia de Asturias, dinosaur 
distribution in, in Late Jurassic, 548 
in Provincia de Burgos, dinosaur 
distribution in, in Late Cretaceous, 
591 
in Provincia de Cuenca 
dinosaur distribution in, in Early 
Cretaceous, 561 
Iguanodontia in, 416 
in Provincia de la Rioja 
dinosaur distribution in, in Early 
Cretaceous, 560-61 
Iguanodontia in, 416 
in Provincia de Lleida, dinosaur 
distribution in, in Late Cretaceous, 
591 
in Provincia de Segovia, dinosaur 
distribution in, in Late Cretaceous, 
591-92 
in Provincia de Soria, dinosaur distribution 
in, in Late Cretaceous, 591 
in Provincia de Teruel, dinosaur 
distribution in, in Late Cretaceous, 
591 
in Provincia de Valencia 
dinosaur distribution in 
in Early Cretaceous, 560 
in Late Cretaceous, 591 
in Late Jurassic, 548 
Sauropoda in, 265 
Unnamed units, Sweden, in Scania, dinosaur 
distribution in, in Late Cretaceous, 
588-89 
Unnamed units, Switzerland 
in Kanton Baselland, dinosaur distribution 
in, in Late Jurassic, 549 
in Kanton Bern, dinosaur distribution in, 
in Late Jurassic, 549 
in Kanton Schaffhausen, dinosaur 
distribution in, in Late Triassic, 524 
Unterer Gipskeuper, dinosaur distribution in, 
in Late Triassic, 524 
Upper strata. See specific citation (e.g., 
Matanuska Formation, Upper) 
Upper Takutu, Guyana, dinosaur distribution 
in, 552 
Urbion Group 
dinosaur distribution in, in Early 
Cretaceous, 560 
Iguanodontia in, 416 
Uruguay 
dinosaur distribution in, 527, 601 
Sauropoda in, 269-70, 312 
Utah, United States 
Ankylosauria in, 365-66 
Ceratopsidae in, 496 


Ceratosauria in, 49 

dinosaur distribution in, 518, 520, 532, 
537-38, 543-44, 553, 553-54, 
579-80 

Dromaeosauridae in, 198 

Hadrosauridae in, 442, 458 

Iguanodontia in, 414-15, 434-35 

Moab megatracksite, 625 

Ornithomimosauria in, 138, 147 

Ornithopoda in, 395 

Sauropoda in, 261, 264, 266-68, 272, 299, 
305-8, 311 

Stegosauria in, 345, 359-60 

taphonomic studies in, 612-13 

Tetanurae in, 72, 75-77, 96, 105, 109-10 

Troodontidae in, 194 

Tyrannosauroidea in, 112-13, 128, 132, 134 

Uzbekistan 

Ankylosauria in, 367, 391 

Avialae in, 212-14 

Ceratopsidae in, 510 

dinosaur distribution in, 550, 563, 565, 594 

Dromaeosauridae in, 199 

Oviraptorosauria in, 164, 166 

Tetanurae in, 99 

Therizinosauroidea in, 164 

Tyrannosauroidea in, 114, 133 


Valle de Angeles Redbeds, Lower, dinosaur 
distribution in, in Late Cretaceous, 
588 
Valtos Sandstone Formation, dinosaur 
distribution in, in Middle Jurassic, 
538 
Vectis Formation 
Ankylosauria in, 367 
dinosaur distribution in, in Early 
Cretaceous, 559 
Iguanodontia in, 416 
Ornithopoda in, 395 
Vega Formation, dinosaur distribution in, 
in Late Jurassic, 547 
Venezuela, dinosaur distribution in, 526, 
535 
Vermillion River Formation 
Avialae in, 215 
dinosaur distribution in, in Late 
Cretaceous, 578 
Veszprém, Hungary, dinosaur distribution in, 
592 
Victoria, Australia 
dinosaur distribution in, 531, 574 
Ornithopoda in, 410-11 
Villalba de la Sierra Formation, dinosaur 
distribution in, in Late Cretaceous, 
591 
Villar del Arzobispo Formation, dinosaur 
distribution in, in Late Jurassic, 
548 
Villigen Formation, dinosaur distribution in, 
in Late Jurassic, 549 
Viloyati Khatlon, Tadzhikistan, dinosaur 
distribution in, 564 
Viloyati Leninobod, Tadzhikistan, dinosaur 
distribution in, 541, 550, 594-95 
Vilquechico Formation, Upper, dinosaur 
distribution in, in Late Cretaceous, 
600 
Vinita Formation 
dinosaur distribution in, in Late 
Cretaceous, 602 
Sauropoda in, 269 
Virginia, United States, dinosaur distribution 
in, 519, 521, 532, 556 
Volgograd Oblast, Russia, dinosaur 
distribution in, 593 


Vulcanodon Beds 
dinosaur distribution in, in Early Jurassic, 
535 
Sauropoda in, 261 
Vychodocesky Kraj, Czech Republic, dinosaur 
distribution in, 592 


Wadi Milk Formation, dinosaur distribution 
in, in Late Cretaceous, 605 
Wagad Formation, dinosaur distribution in, 
in Late Cretaceous, 595 
Wahweap Formation, dinosaur distribution 
in, in Late Cretaceous, 579 
Wales 
dinosaur distribution in, 521, 522, 533 
Prosauropoda in, 236 
Tetanurae in, 74, 100 
Walloon Group, dinosaur distribution in, 
in Middle Jurassic, 543 
Wangi Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Wangshi Group 
Ankylosauria in, 364 
dinosaur distribution in, in Late 
Cretaceous, 598, 600 
Hadrosauridae in, 439, 441-42 
Pachycephalosauria in, 466 
Tyrannosauroidea in, 113 
Wapiti Formation, dinosaur distribution in, 
in Late Cretaceous, 577 
Warwickshire, England, dinosaur distribution 
in, 533 
Washington D.C., United States, dinosaur 
distribution in, 556 
Wayan Formation, dinosaur distribution in, 
in Early Cretaceous, 556 
Weald Clay 
Ankylosauria in, 367 
dinosaur distribution in, in Early 
Cretaceous, 559 
Iguanodontia in, 416 
Tetanurae in, 72 
Upper, Tetanurae in, 97 
Wealden. See also Obernkirchen Sandstein 
dinosaur distribution in, in Early 
Cretaceous, 559, 562 
Iguanodontia in, 416 
Ornithomimosauria in, 149 
Sauropoda in, 315 
Tetanurae in, 97, 99 
“Wealden Beds,” dinosaur distribution in, 
in Early Cretaceous, 558 
Wealden Group 
Lower. See Hastings Beds 
Upper. See Weald Clay 
Wealden Marls. See Wessex Formation 
Wealden Shale. See Vectis Formation 
Wenonah Formation. See Mount Laurel 
Formation 
Wessex Formation 
Ankylosauria in, 367 
dinosaur distribution in, in Early 
Cretaceous, 558-59 
Dromaeosauridae in, 199 
Iguanodontia in, 415-16 
Ornithopoda in, 395 
Pachycephalosauria in, 465 
Sauropoda in, 261, 266, 299, 307-8 
Tetanurae in, 75-76, 103, 105, 110 
Tyrannosauroidea in, 112, 129, 133 
Westbury Formation 
dinosaur distribution in, in Late Triassic, 
521 
Prosauropoda in, 234 
Western Australia, Australia 
dinosaur distribution in, 531, 543, 574, 606 


Tetanurae in, 109 
West Sussex, England, dinosaur distribution 
in, 559 
Whitby Mudstone Formation, dinosaur 
distribution in, in Early Jurassic, 533 
White Beds of Hermiin Tsav 
Ankylosauria in, 364 
dinosaur distribution in, in Late 
Cretaceous, 597 
Hadrosauridae in, 441 
Therizinosauroidea in, 152 
Tyrannosauroidea in, 113 
White limestone Formation, dinosaur 
distribution in, in Middle Jurassic, 
540 
Whitemud Formation, dinosaur distribution 
in, in Late Cretaceous, 578 
Wilaya Adrar, Algeria, dinosaur distribution 
in, 571 
Wilaya Laghouat, Algeria, dinosaur 
distribution in, 604 
Wilaya Saida, Algeria, dinosaur distribution 
in, 535 
Wilaya Tamenghest, Algeria, dinosaur 
distribution in, 571 
Wilaya Tlemcen, Algeria, dinosaur 
distribution in, 543 
Wilaya Wargla, Algeria, dinosaur distribution 
in, 571 
Williams Fork Formation, dinosaur 
distribution in, in Late Cretaceous, 
581 
Williams Formation, dinosaur distribution in, 
in Late Cretaceous, 582 
Willow Creek Formation 
dinosaur distribution in, in Late 
Cretaceous, 578, 584 
Tyrannosauroidea in, 113 
Wiltshire, England 
dinosaur distribution in, 540, 546, 558 
Sauropoda in, 298 
Wingate Sandstone, dinosaur distribution in, 
in Early Jurassic, 532 
Winton Formation 
dinosaur distribution in, in Late 
Cretaceous, 606 
Sauropoda in, 310 
Wojewodztwo Kielce, Poland, dinosaur 
distribution in, 534, 541 
Wojewodztwo Wroktaw, Poland, dinosaur 
distribution in, 525 
Wolfville Formation, dinosaur distribution in, 
in Late Triassic, 518 
Wonthaggi Formation 
dinosaur distribution in, in Early 
Cretaceous, 574 
Ornithopoda in, 394-95 
Woodbine Formation 
dinosaur distribution in, in Late 
Cretaceous, 581 
Hadrosauridae in, 458 
Iguanodontia in, 417 
Woodbury Formation 
dinosaur distribution in, in Late 
Cretaceous, 586 
Hadrosauridae in, 440 
Wucaiwan Formation 
dinosaur distribution in, in Middle Jurassic, 
542 
Sauropoda in, 261, 265, 306, 321 
Tetanurae in, 74, 101 
Wulungo Formation, dinosaur distribution 
in, in Late Cretaceous, 598 
Wyoming, United States 
Ankylosauria in, 364-67 
Avialae in, 215 
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Wyoming, United States (continued) 

Ceratopsia in, 480 

Ceratopsidae in, 496 

dinosaur distribution in, 531, 532, 538, 
545, 556, 575, 584-85 

Dromaeosauridae in, 198 

Hadrosauridae in, 440 

Iguanodontia in, 414-15, 432 

Ornithomimosauria in, 138 

Ornithopoda in, 394-95, 410 

Oviraptorosauria in, 167 

Pachycephalosauria in, 465-66 

Sauropoda in, 262, 264-66, 271-72, 298, 
305-6 

Stegosauria in, 344-45, 359-60 

Tetanurae in, 72, 75-76, 96, 106-7 

Troodontidae in, 185 

Tyrannosauroidea in, 112-13 


Xiagou Formation 
Avialae in, 214 
dinosaur distribution in, in Early 
Cretaceous, 567 
Xiaoyan Formation 
dinosaur distribution in, in Late 
Cretaceous, 599 
Pachycephalosauria in, 465 
Xiguayuan Formation, dinosaur distribution 
in, in Early Cretaceous, 567 
Xinjiang Uygur Zizhiqu, People’s Republic of 
China 
dinosaur distribution in, 541-42, 551, 567, 
597-98 
Sauropoda in, 299, 302, 306 
Stegosauria in, 359 
Tetanurae in, 101-2, 108 
Xinminbao Group 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 567 
Iguanodontia in, 415, 417 
Therizinosauroidea in, 152 
Xinpongnaobao Formation 
Ceratopsia in, 479 
dinosaur distribution in, in Early 
Cretaceous, 568 
Xizang Zizhiqu, People’s Republic of China, 
dinosaur distribution in, 534, 565, 
597 


Yacoraite Formation, dinosaur distribution in, 
in Late Cretaceous, 603 
Yakutskaya Avtonomnaya Oblast, Russia, 
dinosaur distribution in, 550, 563, 
566 
Yalovach Svita, dinosaur distribution in, in 
Late Cretaceous, 594-95 
Yamaguchi Prefecture, Japan, dinosaur 
distribution in, 570 
Yemen. See Republic of Yemen 
Yevreyaskaya Avtonomnaya Oblast, Russia, 
dinosaur distribution in, 566, 
593 
Yezo Group, dinosaur distribution in, in Late 
Cretaceous, 600 
Yijinholuo Formation 
Avialae in, 213 
dinosaur distribution in, in Early 
Cretaceous, 568 
Yixian Formation 
Ankylosauria in, 367 
Avialae in, 211-14, 223-24 
Ceratopsia in, 480, 491 
dinosaur distribution in, 640 
in Early Cretaceous, 566-67 
Dromaeosauridae in, 198 
Iguanodontia in, 416, 435 
Ornithomimosauria in, 138, 147 
Ornithopoda in, 395 
Oviraptorosauria in, 166 
Tetanurae in, 76, 105 
Therizinosauroidea in, 152, 163 
Troodontidae in, 185, 193 
Yongantun Formation, dinosaur distribution 
in, in Late Cretaceous, 599 
Yuanpu Formation 
dinosaur distribution in, in Late 
Cretaceous, 599-600 
Therizinosauroidea in, 152 
Tyrannosauroidea in, 113 
Yukon Territory, Canada 
dinosaur distribution in, 575-76 
Hadrosauridae in, 461 
Yuliangze Formation 
dinosaur distribution in, in Late 
Cretaceous, 599 
Hadrosauridae in, 441 
Yunnan, People’s Republic of China 
dinosaur distribution in, 534, 542, 565 
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Ornithopoda in, 393 
Prosauropoda in, 233, 252, 254 
Sauropoda in, 299 
Therizinosauroidea in, 160, 164 


Zagaje Formation, dinosaur distribution in, 
in Early Jurassic, 534 
Zambia, dinosaur distribution in, 530, 573 
Zamyn Khondt, Mongolia, Oviraptorosauria 
in, 164, 182 
Zanclodonmergel, dinosaur distribution in, 
in Late Triassic, 524 
Zarbiz Svita, dinosaur distribution in, 
in Middle Jurassic, 541 
Zhaoyin Formation, dinosaur distribution in, 
in Late Cretaceous, 599 
Zhejiang, People’s Republic of China 
dinosaur distribution in, 568, 599 
Sauropoda in, 312 
Therizinosauroidea in, 164 
Zhenzhunchong Formation 
dinosaur distribution in, in Early Jurassic, 
534 
Prosauropoda in, 234 
Zhezqazghan Oblys, Kazakhstan, dinosaur 
distribution in, 594 
Zhidan Group, dinosaur distribution in, 
in Early Cretaceous, 567 
Zhumabao Formation, dinosaur distribution 
in, in Late Cretaceous, 599 
Zigong, People’s Republic of China, Tetanurae 
in, 94 
Ziliujing Formation 
dinosaur distribution in, in Early Jurassic, 
534 
Sauropoda in, 261, 298 
Zimbabwe 
Ceratosauria in, 48, 69 
dinosaur distribution in, 46, 528, 530, 535, 
§52 
Prosauropoda in, 234-35 
Sauropoda in, 261, 298 
Zonggo Formation, dinosaur distribution in, 
in Late Cretaceous, 597 
Zotrillo Formation, dinosaur distribution in, 
in Middle Jurassic, 538 
Zoumagang Formation, dinosaur distribution 
in, in Late Cretaceous, 599 
Zutinbayan Svita, Upper. See Hiihteeg Svita 
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References to tables are in italics. References to figures are in boldface. 


Abdominal ribs. See Gastralia 
Abelisauria, 64 
Abelisauridae 
dentition, 69 
occurrence, 66 
paleobiology, 69 
skeleton, 66 
systematics, 64, 66 
Abelisaurinae, 64 
Abelisauroidea 
incertae sedis, 67 
systematics, 64-65 
Acetabulum. See Pelvis 
Aerobic capacity, 644-46 
Aetosauria, 10 
Ages, European marine, 2, 2 
Agonistic behavior 
mammalian, 477 
pachycephalosaurian, 476-77 
tetanuran, 110 
Albertosaurinae, 112, 130 
biogeography, 134, 642 
Alisphenoid. See Braincase; Skull 
Allosauridae, 74, 101-2 
systematics, 102-3 
Allosauroidea, 74, 101-2 
definition, 71 
systematics, 101-2 
taxonomy, 71 
unnamed, 75 
Alluvial plain, dinosaur distribution in, 642 
Alvarezsauridae, 22, 24, 211, 216, 222 
Alxasauridae, 161 
systematics, 151 
Ammonites, record for, at or near Cretaceous- 
Tertiary (K/T) boundary, 682 
Amniota, 9, 9 
lungs, phylogenetic distribution, 663, 663 
systematics, 9 
Amphibia, 8-9, 9 
Amprino’s Rule, 666 
Anapsida, 9, 9 
sauropod, 271 
Anatomy. See also Dentition; Forelimb; 
Hindlimb; Pectoral girdle; Pelvis; 
Skeleton; Skull; Vertebrae 
adaptations 
for carnivory, 616-17, 620-24 


for herbivory, 615-20, 616-17 
Alxasaurus elesitaiensis, 151 


ankylosaurian, 363-88, 369-72, 374-76, 


379-82, 384-86 
Apatosaurus, 650 
Archaeoceratops, 478-90 
Archaeoceratops oshimai, 478-90 
Bambiraptor, 650 
Erlikosaurus, 161 
Eryops, 651 
Eshanosaurus deguchiianus, 161 
Graciliceratops, 488, 488-89 
Herrerasaurus, 654 
Leptoceratops, 478-90, 482, 485, 488 
Leptoceratops gracilis, 478-90 
Lesothosaurus, 325-34 
Lesothosaurus diagnosticus, 325 
nomenclature for, 2-3 
ornithopodan, 393-408, 396-99, 404, 
406-7, 650 
Pelecanimimus, 650 
Pisanosaurus, 325, 327, 327, 328, 
330-33 
Pisanosaurus mertii, 325 
Protoceratops, 478-90, 482, 485, 488 
Protoceratops andrewsi, 478-90 
Psittacosaurus, 478-90, 481, 484 
Psittacosaurus mongoliensis, 478-90 
sauropod, 259-60 
Scelidosaurus, 335-41, 340, 342 
Scipionyx, 651-54, 652 
Scutellosaurus, 335, 338-41, 340, 342 
Sinosauropteryx, 651-54, 652 
Sinosauropteryx prima, 652 
Sphenodon, 651 
Technosaurus smalli, 325 
troodontid, 184-92, 186-87 
Tyrannosauroidea, 114-27, 115-26 
Udanoceratops, 481, 486 


Anchisauria, 250 


and plants, 615 


Anchisauridae, 233, 250 
Angiosperms, 462, 615, 618, 619-20, 626. 


See also Plants 


Angular. See also Mandible; Skull 


ankylosaurian, 378 
ornithischian, 328 
prosauropod, 242 


sauropod, 278 
tetanuran, 83 


Ankle. See also Tarsus 


advanced mesotarsal (AM), 10, 10 

in Avialae, 219 

of basal archosaurs, 10, 10 

Beipiaosaurus inexpectus, 157 

Chanaresuchus, 10 

crocodile-normal (CN), 10, 10 

crocodile-reversed (CR), 10, 10 

crocodiloid, 10, 10 

modified primitive mesotarsal (MPM), 
10 

Neoaetosauroides, 10 

primitive mesotarsal (PM), 10, 10 

Proterosuchus, 10 

Riojasuchus, 10 

sauropod, 292-93 


Ankylopollexia, 415, 434 
Ankylosauria, 363-92, 364-68 


anatomy, 363-88, 369-72, 374-76, 
379-82, 384-86, 650 
behavior, 391-92 
cranial ornamentation, 374, 387-88 
definition, 363 
dentition, 378-79, 379, 618 
diagnosis, 363 
evolution, 388-91 
forelimb, 385, 392 
herbivory in, 618 
adaptations for, 616 
hindlimb, 386 
incertae sedis, 366 
provisional, 367 
locomotion, 391-92 
mandible, 363-79, 370 
nasal cavity, 372 
nomina dubia, 367-68 
occurrence, 627 
osteoderms, 382, 387-88 
palate, 370 
paleoecology, 391-92 
pectoral girdle, 384 
pelvis, 381 
provenance, 363 
skeleton 
appendicular, 381, 383-87, 384-86 
axial, 379-83, 380-82 
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Ankylosauria (continued) 
postcranial, 379-87, 380-82, 384-86 
skull, 363-79, 369-72, 374-76 
synsacrum, 381 
systematics, 8, 323, 363, 388, 388-91 
taphonomy, 391 
trackways, 391-92 
vertebrae, 380 

distal caudal, 382 

Ankylosauridae, 364, 388 

Ankylosaurinae, 364, 389 
incertae sedis, 365 

Anomodontia, 9 

Antarticular. See also Mandible; Skull 
tetanuran, 84 

Antebrachium 
hadrosaurid, 454 
therizinosauroid, 156 

Antitrochanter. See Ilium; Pelvis 

Antorbital fenestra. See also Skull 
dromaeosaurid, 199 

Antorbital fossa 
ceratosaurid, 52-53 
ornithopodan, 397 

Apomorphy-based taxa, 7,8 

Appendicular skeleton. See Skeleton 

Araeoscelidia, 9-10 

Archaeopterygidae, 211 

Archosauria, 7 
as apomorphy-based clade, 8 
basal, 16 

skull, 13 
cladistic analysis, 8, 11-13 
cladograms, 11, 12 
definition, 8 
diagnostic characters for, 13 
evolution, 16-18, 17 
flying. See Pterosauria 
monophyly, 8, 13-16 
Triassic 
cladogram, 15 
relationships, 10-11 
skull, 13, 16-17 

Archosauriformes, 8 

Archosauromorpha, 9, 9 
node-based definition, 9 
stem-based definition, 9-10 

Arctometatarsalia, 127, 146 

Areagram, 629 

Armor. See also Osteoderm 
Emausaurus, 341 
Hesperosaurus, 356 
Lexovisaurus, 362 
ornithopodan, 405 
sauropod, 295 
Scelidosaurus, 341 
Scutellosaurus, 341 
stegosaurian, 360 
Stegosaurus, 355-56, 361-62 
thyreophoran, 341 

Articular. See also Mandible; Skull 
ankylosaurian, 378 
hadrosaurid, 452 
iguanodontian, 424 
ornithomimid, 142 
oviraptorosaurian, 173 
tetanuran, 84 
tyrannosaurid, 119 

Asteroid impact, at or near Cretaceous- 

Tertiary (K/T) boundary, 673-75, 
675, 683-84 
corollaries, 680-81 

Astragalocalcaneum 
ceratosaur, 63 
Masiakasaurus knopfleri, 62 
Syntarsus kayentakatae, 62 
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Astragalus. See also Astragalocalcaneum; 
Hindlimb; Tarsus 

Alwalkeria maleriensis, 39 
in Avialae, 219 
Camarasaurus grandis, 295 
Centrosaurus apertus, 507 
ceratopsian, 489 
ceratopsid, 506 
ceratosaur, 63 
Chindesaurus bryansmalli, 39 
dromaeosaurid, 206 
iguanodontian, 432 
ornithischian, 331-32 
ornithomimid, 145 
ornithopodan, 408 
Plateosaurus, 246 
sauropod, 292-93 
Segnosaurus galbinensis, 159 
Stegosaurus, 352 
tetanuran, 92-93 
therizinosauroid, 158 
thyreophoran, 341 
Triceratops horridus, 507 
tyrannosaurid, 125 

Atlas. See also Vertebrae 
ankylosaurian, 378 
ceratopsian, 487 
hadrosaurid, 453 
iguanodontian, 426 
oviraptorosaurian, 173-74 
prosauropod, 244 
sauropod, 279 
stegosaurian, 353 
tyrannosaurid, 121 

Avemetatarsalia, 8, 10-11, 13-15, 17 
basal, 13, 14 

Aves, 15. See also Birds 
systematics, 78 


Avesuchia/crown group Archosauria, 8, 13-14 


Avetheropoda, 71, 74, 128 

diagnosis, 100 

incertae sedis, 77 

systematics, 22, 94-95, 100, 108 

Avialae, 2, 211. See also Birds 

anatomy, 216-20, 217, 221-23, 226 

basal, 210-31 
evolution, 225-28, 226-27 
flight, evolution, 228, 228-29, 229 
nomina dubia, 216 

biogeography, 225 

definition, 210 

diagnosis, 210-16 

evolution, 220-25 

incertae sedis, 216 

mandible, 216-18 

paleobiology, 225-30 

skeleton 
appendicular, 218-20, 219, 221-22 
axial, 217, 218 


postcranial, 217, 218-20, 219, 221-23 


skull, 216-18, 221 


systematics, 22-23, 194, 207, 220-25, 224 


unnamed clade, 211 
?unnamed clade, 212 
Avimimidae, 165, 166 


Axial skeleton. See Gastralia; Ribs; Skeleton; 


Vertebrae 
Axis. See also Vertebrae 
ankylosaurian, 378 
iguanodontian, 426 
sauropod, 280 
tyrannosaurid, 121 


Baryonchidae, 72 
Baryonychinae, 72, 97 
systematics, 94 


Basal taxa. See specific taxon 


Basicranium. See also Braincase; Palate; Skull 


therizinosauroid, 154 
Basioccipital. See also Braincase; Skull 
ankylosaurian, 376 
ceratopsian, 486 
ceratosaurid, 54 
dromaeosaurid, 201 
iguanodontian, 420 
ornithischian, 327-28 
ornithomimid, 141 
oviraptorosaurian, 171 
pachycephalosaurian, 470 
sauropod, 277 
stegosaurian, 347 
tetanuran, 82 
Basipterygoid. See also Braincase; Palate; 
Skull 
ceratosaurid, 54 
dromaeosaurid, 201 
ornithopodan, 401 
prosauropod, 241 
sauropod, 277 
Basisphenoid. See also Braincase; Skull 
ankylosaurian, 376-77 
ceratosaurid, 54 
iguanodontian, 420 
ornithischian, 327-28 
ornithomimid, 141-42 
oviraptorosaurian, 171 
prosauropod, 241 
sauropod, 277 
stegosaurian, 347 
Beaks, 617, 620 
ceratopsian, 478, 483-85 
iguanodontian, 436 
ornithischian, 333-34 
ornithomimid, 150 
stegosaurian, 361 
Behavior. See also Locomotion; Migration; 


Nesting; Paleobiology; Paleoecology; 


Predation 
ankylosaurian, 391-92 
ceratopsian, 492 
dromaeosaurid, 196 
Euoplocephalus, 392 
Heterodontosaurus, 412 
Hypsilophodon, 412 
ornithopodan, 411-12 
Therizinosaurus, 163 
Troodon formosus, 194 
troodontid, 194 
tyrannosaurid, 134-35 

Berlin specimen, Archaeopteryx, 217 

Biliverdin, 651, 652 

Biogeography, 627-42 
Alamosaurus, 642 
Aliwalia, 46 
Anchiceratops, 642 
Archaeopteryx, 225, 639 
Botyrannus, 630 
Camptosaurus dispar, 435 
Centrosaurus, 642 
cladistic, 629 
cluster analysis, 633-37, 634-36 
clustering methods, 630 
coefficient for, 631-32 
Corythosaurus, 642 
distance matrices, 630-32 
Dryosaurus, 435 
Dryptosaurus, 630 
Edmontosaurus, 642 
Einiosaurus, 642 
Eotyrannus, 149 
Garudimimus, 148 
Gasparinisaura, 411 


Guaibasaurus, 46 
Harpymimus, 148 
Heterodontosaurus, 411 
Hypsilophodon foxii, 411 
Iguanodon, 640 
iguanodontian, 435 
Kritosaurus, 642 
Lagerpeton, 45 
Leptoceratops, 642 
localities, 630-31, 632 
Maiasaura, 642 
Majungatholus, 630 
Mamenchisaurus, 638 
Marasuchus, 45 

Minmi, 641 
Muttaburrasaurus, 641 
Notohypsilophodon, 411 
ordinations, 630, 633 
Ornithomimus, 149 
ornithopodan, 411 
Othnielia rex, 411 
oviraptorosaurian, 183 
Pachyrhinosaurus, 642 
Parasaurolophus, 642 
Pelecanimimus, 148-49 
Pseudolagosuchus, 45 
Quetzalcoatlus, 642 
Rahonavis, 225 
Rhabdodon, 641 
Saurolophus, 642 
Saurornithoides mongoliensis, 194 
Shenzhousaurus, 148 
Stenopelix, 149 
Struthiomimus, 149 
taxa per locality, 630, 633 
Tenontosaurus, 435 
Triceratops, 642 
Troodon formosus, 194 
troodontid, 194 


Unweighted Pair-Group Method with 
Arithmetic Averages (UPGMA), 630, 


633-37, 634-36 
vicariance, 629 
Yandusaurus hongheensis, 411 
Yaverlandia, 149 
Zalmoxes robustus, 435 
Zuniceratops, 510 
Biotic change 


at Cretaceous-Tertiary (K/T) boundary, 


675-82, 676 
at or near Cretaceous-Tertiary (K/T) 
boundary, record for, 682 


Birds. See also Archaeopterygidae; Aves; 


Avialae; Ornithurae 


ancestry of, hypotheses about, 220-21 


basal taxa, phylogeny, 224 
bone, 655 
evolution, 94, 210 
flight 
evolution, 228, 228-29, 229 
model for, 228, 228 
origin, stages in, 228, 229 
flight stroke, evolution, 226 
fossil record, 229-30 
Mesozoic, metabolism, 666-67 
origin, 21 
size, 21 
systematics, 1-2, 8, 13, 15 
Blikanasauridae. See Prosauropoda 
Body cavity 
Scipionyx, 651-54, 652 
Sinosauropteryx, 651-54, 652 
Body silhouette 
Eoraptor Iunensis, 27 
Guaibasaurus candelariensis, 27 
Herrerasaurus ischigualastensis, 27 


Staurikosaurus pricei, 27 


Body size. See Size 
Body weight. See Size 
Bone 


Alligator mississippiensis, 656, 658 
Allosaurus, 655 

Apatosaurus, 656, 658 
Archaeornithomimus, 657 
Barosaurus, 656 


biology, in nonavian dinosaurs, 655-58 


Brachiosaurus, 656 
cortical, growth lines in, 664-65 
Crocodylus porosus, 658 
Dicraeosaurus, 656 
dinosaurian, 655-56, 657, 664 
Dryosaurus, 655-56, 658 
Dryosaurus lettowvorbecki, 657 
in extant reptiles, 656, 658, 664 
fibrolamellar, 655-56, 656 
growth patterns, 656-58 
physiological implications, 658-59 
growth rates, 656-58 
and adult size, 666-67, 668 
in dinosaurs, 655-56, 666-67, 668 
subadult, 666-67, 667 
Herrerasaurus, 655, 657 
Hypacrosaurus, 656 
Iguanodon, 655 
Janenschia, 656 


lines of arrested growth (LAGs), 655-58, 


665-66 

Maiasaura, 656-58 
Massospondylus, 655-58 
Megalosaurus, 655 
microstructure 

and ontogeny, 656-58 

and thermoregulation, 654-59 
Neovenator, 655 
pneumatized, 21 
prosauropod, 243 
Psittacosaurus, 655-57 
stegosaurian, 343 
Syntarsus, 655-58 
Syntarsus rhodesiensis, 657 
tooth-marked, 109, 135, 610, 622 
Troodon, 655-56, 658 
Tyrannosaurus rex, 657 
zonal versus azonal, 655-56, 656-57 


Bone beds. See also Taphonomy 


ceratopsid, 507, 510 

hadrosaurid, 463 

paleoecological analysis, 624, 626 
sauropodans in, 321 


Bony labyrinth 


Iguanodon, 423 
iguanodontian, 421, 423 


Brachiosauridae, 267 


herbivory in, 618 
systematics, 308 
unnamed, 267 


Brain 


Ornithomimus, 149 
troodontid, 149, 194 


Braincase. See also Skull 


abelisaurid, 54 
Acrocanthosaurus atokensis, 54 
Allosaurus, 54 

Allosaurus fragilis, 54 
Anchisaurus, 241 

in Avialae, 217 
Byronosaurus jaffei, 186 
Camptosaurus dispar, 422 
Centrosaurus apertus, 501 
Ceratosaurus, 54 
Chirostenotes pergracilis, 168 
Coelophysis, 54 


coelophysoid, 54 
Coloradisaurus, 241 
Dilophosaurus, 54 
dromaeosaurid, 200-201 
Erlikosaurus andrewsi, 154 
hadrosaurid, 450-51 
iguanodon atherfieldensis, 422 
Iguanodon cf. atherfieldensis, 423 
iguanodontian, 420, 422-23 
Indosuchus raptorius, 54 
Itemirus medullaris, 128, 133 
Jingshanosaurus, 240 
Massospondylus, 240 
neoceratosaur, 54 
ornithischian, 327-28 
ornithopodan, 400 
Ouranosaurus nigeriensis, 422 
oviraptorosaurian, 171-73 
pachycephalosaurian, 470 
Plateosaurus, 238 
Riojasaurus, 240 
sauropod, 276-77 
Sinovenator changii, 187 
stegosaurian, 347-48 
Stegosaurus, 347 
Stokesosaurus clevelandi, 128, 133 
Syntarsus, 54 
Syntarsus kayentakatae, 54 
Tenontosaurus dossi, 422 
Thecodontosaurus, 241 
thyreophoran, 338 
Troodon formosus, 187 
troodontid, 186-87, 188 
Tsintaosaurus spinorhinus, 449 
tyrannosaurid, 128, 133 
Bray-Curtis Coefficient, 632 
Brevis shelf. See Ilium; Pelvis 
Brontosaurs, and plants, 617 
Browsing 
high, 617-18, 620, 626 
low, 617-18, 620, 626 
mid-level, 626 
prosauropod, 256 
sauropod, 317 
Buccal surface, definition, 3 


Caenagnathidae, 165, 166, 178-80 
possible, 166 
Caenagnathoidea, 166, 180 
Calcaneum. See also Hindlimb; Tarsus 
Centrosaurus apertus, 507 
ceratopsian, 489 
ceratopsid, 506 
hadrosaurid, 457 
ornithischian, 331-32 
ornithopodan, 408 
Segnosaurus galbinensis, 159 
Stegosaurus, 352 
tetanuran, 92-93 
therizinosauroid, 158 
thyreophoran, 341 
Triceratops horridus, 507 
Camarasauridae, 266 
herbivory in, 618 
Camarasauromorpha, 266 
systematics, 306 
Cannibalism, 623 
Carbon-13, 625-26 
in marine biota, 682 
Carcharodontosauridae, 75 
age, 103 
material, 103 
occurrence, 103 
skull, 82 
systematics, 66-67, 102-4 
unnamed, 75 
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Carnivory, 71, 620-24. See also Diet; Predation 
dromaeosaurid, 208-9 
morphology and, 621, 621-23, 626 
paleoecology, 620-24, 626 
prosauropod, 255 
in Saurischia, 43, 45 
in theropods, 21 
tyrannosaurid, 134 

Carnosauria, 2, 21, 74, 127 
age, 78, 109 
basal, skull, 81 
diagnosis, 100-101 
occurrence, 109 
skull, 80 
systematics, 22, 67, 71, 94, 100 

Carnotaurinae, 64 

Carpals 
in Avialae, 218 
ceratosaur, 60 
dromaeosaurid, 204 
ornithischian, 330 
oviraptorosaurian, 175 
prosauropod, 248 
sauropod, 290 
stegosaurian, 354 
Stegosaurus, 352 
tetanuran, 89 
therizinosauroid, 156 
Therizinosaurus cheloniformis, 156 

Carpus. See also Forelimb; Manus; 

Metacarpals 
Acrocanthosaurus atokensis, 90 
Beipiaosaurus inexpectus, 157 
ceratopsian, 489 
dromaeosaurid, 204 
iguanodontian, 429 
ornithopodan, 405 
sauropod, 290 
therizinosauroid, 156 
tyrannosaurid, 123 

Caudal direction, definition, 3 

Caudipterygidae, 165, 166 

Censusing, paleoecological, 625 

Centrosaurinae, 495, 497, 508-10 
biogeography, 642 
possible, 495 
skull, 498 

Cerapoda, systematics, 8, 323 

Ceratobranchial rods. See also Hyoid bones 
ceratosaurid, 54 
sauropod, 279 
stegosaurian, 350 
tyrannosaurid, 119 

Ceratopsia, 479, 495 
age, 478 
anatomy, 478-90, 481-85, 488, 493, 650 
basal, 478-93, 479-80 

humerus, 488 

manus, 488 

nomina dubia, 480 

pelvis, 488 

pes, 488 

postcranial anatomy, 488 

radius, 488 

scapulocoracoid, 488 

skeleton, 481-82, 488 

skull, 483-85 

ulna, 488 

vertebrae, syncervical, 488 
biogeography, 492-93, 642 
definition, 478 
dentition, 483-85, 486-87, 493 
diagnosis, 478 
herbivory in, adaptations for, 617 
mandible, 478-87, 483-85 
occurrence, 478 
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paleoecology, 492-93, 620, 622, 626 
sexual dimorphism, 478, 492 
size, 478 
skeleton 
appendicular, 481-82, 488, 489-90 
axial, 481-82, 487-90, 488 
postcranial, 481-82, 487-90, 488 
skull, 478-87, 481-85, 490 
stratigraphy, 492-93 
systematics, 8, 323, 478, 490-92, 491 
taphonomy, 612 
taxonomy, 474 
vertebrae, 487-88 
caudal, 487-88 
dorsal, 487 
presacral, 487 
sacral, 487-88 
Ceratopsidae, 494-513, 495 
age, 494 
anatomy, 497-507, 498-501, 504, 506-7 
astragalus, 507 
behavior, 511-13 
biogeography, 494, 510 
braincase, 501 
calcaneum, 507 
cladistic analysis, 508-10 
cladogram, 509 
definition, 494-97 
dentition, 503 
diagnosis, 494-97 
diet, 511-12 
evolution, 512-13 
feeding, 511-12 
femur, 507 
fibula, 507 
frills, 512 
hindlimb elements, 507 
horns, 512 
humerus, 506 
ilia, 504 
locomotion, 511 
mandible, 497-503, 498-500 
manus, 506 
material, 494 
morphology, functional, 511-13 
nomina dubia, 496 
occurrence, 494 
paleoecology, 510 
pelvis, 504 
pes, 507 
posture, 511 
provenance, 494 
radius, 506 
respiration, 511-12 
sacrum, 504 
scapulocoracoid, 506 
size, 494 
skeleton 
appendicular, 505-7, 506-7 
axial, 503-5, 504 
forelimb, 506 
postcranial, 503-6, 504, 506-7 
skull, 494, 497-503, 498, 498-501 
systematics, 478, 494, 507-10, 509 
taphonomy, 510 
tarsals, 507 
tibia, 507 
ulna, 506 
vertebrae 
caudal dorsal, 504 
cranial dorsal, 504 
dorsal, 504 
mid-dorsal, 504 
syncervical, 504 
Ceratopsoidea 
anatomy, 493 


biogeography, 493 
systematics, 490-91 
Ceratosauria, 47-70, 48 
age, 47, 69 
anatomy, 47-64, 52-53, 56-63 
cranial ornamentation, 47, 51, 52, 52, 66, 
69 
definition, 47, 64 
dentition, 54 
diagnosis, 47, 64 
evolution, 64-69 
femur, 61 
fibula, 62 
forelimb, 59 
incertae sedis, 50 
mandible, 51, 51-55, 52 
material, 69 
morphology, 47 
nomina dubia, 50 
occurrence, 47, 69 
ontogeny, 47-50 
paleobiology, 69-70 
pelvis, 60 
pes, 63 
provenance, 47, 64 
sacrum, 57 
sexual dimorphism in, 50-51 
size, 47, 69 
skeleton 
appendicular, 58, 58-64, 59-63 
axial, 55-58, 56-57 
postcranial, 55-64 
skull, 47, 51, 51-55, 52 
systematics, 24, 64-69 
taphonomy, 69-70 
taxonomy, 64 
tibia, 62 
vertebrae, 56 
caudal, 57-58 
cervical, 55 
dorsal, 55-57 
presacral, 55 
sacral, 55, 57 
Ceratosauridae. See also Ceratosauria 
systematics, 64 
Cetiosauridae, 263, 301 
Chasmosaurinae, 495-96, 497, 500, 508-9 
biogeography, 642 
skull, 499 
Chevrons 
Achillobator giganticus, 203 
ankylosaurian, 383 
Deinonychus antirrhopus, 203 
dromaeosaurid, 196, 203 
iguanodontian, 428 
Ingenia, 182 
oviraptorosaurian, 175 
prosauropod, 247 
sauropod, 287 
thyreophoran, 339 
troodontid, 191 
Chewing, 614, 618. See also Food processing 
Chicxulub, Mexico, crater at, 674-75, 
675 
Choana, dromaeosaurid, 201 
Choristoderans, 9 
Circumnarial fossa, hadrosaurid, 444 
City-block metric distance measure. See 
Bray-Curtis Coefficient 
Clades 
diagnostic characters for, 18-19 
of Dinosauria, 8 
nomenclature for, 7 
unnamed, of tetrapods, 9 
Cladistics, 1. See also Phylogeny; Taxonomy 
of Dinosauria, 7 


Cladogram. See also Phylogeny; Taxonomy 
Archosauria, 15 
Ceratopsidae, 509 
Hadrosauridae, 459 
Ornithischia, 323, 332 
Ornithopoda, 409 
Oviraptorosauria, 180 
Pachycephalosauria, 474 
Plants, 618 
Prosauropoda, 249 
Saurischia, 22 
Sauropoda, 297 
Theropoda, 23 
Thyreophora, 342 

Clavicle 
in Avialae, 218 
ceratopsian, 489 
prosauropod, 247 
sauropod, 288 
Sinornithoides youngi, 191 
stegosaurian, 354 

Claws, 622 
in Avialae, 219-20 
ceratopsian, 490 
dromaeosaurid, 206, 208-9 
tetanuran, 93 
troodontid, 194 
tyrannosaurid, 123 

Cnemial crest 
ceratopsian, 489 
ornithomimid, 145 
troodontid, 192 

Coastal lowland, dinosaur distribution in, 

642 

Coelophysidae, 64, 68 
systematics, 94 

Coelophysinae, 64 

Coelophysoidea, 48 
age, 47 
dentition, 54 
incertae sedis, 48 
lower jaw, 54 
occurrence, 47 
ontogeny, 50 
size, 47, 50 
skull, 51-55, 52 
systematics, 64-65, 67-68 
unnamed (= “Liliensternus” airelensis), 48 


unnamed (= “Shake-N-Bake” theropod), 48 


Coeluridae, systematics, 105 
Coelurosauria, 2, 21, 76, 100, 112, 127, 152, 
178 

incertae sedis, 76-77 

occurrence, 109 

systematics, 22, 71, 94, 104-5 
Colon, theropod, 651, 652, 653-54 
Combat, intraspecific. See also Agonistic 

behavior 

pachycephalosaurian, 476-77 
Community dynamics, footprints and, 625 
Compsognathidae, 76 

diagnosis, 104-5 

systematics, 22, 104-5 

unnamed, 76 
Compsognathinae, 105 
Confuciusornithidae, 211, 223 
Conifers, 462, 615, 618-19, 619, 620, 626 
Coprolites, composition, 620, 622, 626 
Coracoid 

ankylosaurian, 383, 384 

Archaeopteryx, 210 

Archaeornithomimus, 144 

in Avialae, 218 

ceratopsian, 489 

ceratopsid, 505 

dromaeosaurid, 203 


Euoplocephalus tutus, 384 
hadrosaurid, 454 
iguanodontian, 428 
ornithomimid, 143 
ornithopodan, 405 
oviraptorosaurian, 175 
pachycephalosaurian, 473 
prosauropod, 247 
Sauropelta edwardsorum, 384 
sauropod, 288 
stegosaurian, 354 
Stegosaurus, 352 
tetanuran, 87 
thyreophoran, 339 
Coronoid 
ankylosaurian, 378 
iguanodontian, 424 
ornithopodan, 401 
tyrannosaurid, 119 
Coronosauria, 490 
skull, 490 
Cranial anatomy. See also Dentition; 
Mandible; Skull 
Huayangosaurus, 361 
Kentrosaurus, 361 
Plateosaurus, 238 
Regnosaurus, 361 
Stegosaurus, 347, 360-61 
Cranial direction, definition, 3 
Cranial ornamentation 
ankylosaurian, 373, 374, 387-88 
Carnotaurus, 52, 69 
Ceratosaurus, 52, 69 
Coelophysis, 52 
Dilophosaurus, 52, 69 
Majungatholus atopus, 52, 69 
Syntarsus kayentakatae, 52, 69 
Crest 
hadrosaurid, 443-44, 462-63 
oviraptorosaurian, 167-68, 175 
prosauropod, 247 
stegosaurian, 354 
troodontid, 191 
tyrannosaurid, 117 
Cretaceous Period. See also Cretaceous- 


Tertiary (K/T) boundary; Extinctions, 


Cretaceous-Tertiary (K/T) 


dinosaur herbivory in, 617-18, 619, 619-20, 


626 
Early 
dinosaur distribution in, 518, 523, 
526-27, 529-31, 550, 553, 553-74, 
554, 557, 564-66, 572 
geologic time scale for, 2 
geologic time scale for, 2 
last 10 million years, dinosaur diversity 
during, 677 
Late 
dinosaur distribution in, 518-20, 523, 
525-27, 529-31, 537, 550, 553-54, 
557, 564-66, 572, 574-606, 575 
geologic time scale for, 2 
Cretaceous-Tertiary (K/T) boundary 
ammonites at, 682 
asteroid impact at or near, 673-75, 675, 
683-84 
corollaries, 680-81 
biotic change at, 675-82, 676 
record for, 682 
extinctions at 
multiple causes for, 683-84 
scenarios for, 682-84 
single cause for, 684 
iridium levels at or near, 674-75, 675 
marine invertebrates at or near, record for, 
682 


marine regression at or near, 673, 674, 
683-84 
corollaries, 679-80, 680 
plants at or near, record for, 682 
vertebrate turnover at 
pattern, 677-79, 678, 678 
tempo, 679 
volcanism at or neat, 673, 673, 683-84 
Crocodilians, 8, 260, 314 
Crocodylia, 9 
Crocodylomorpha, 8, 10-14, 17-18 
Crown-clade concept, 7-8 
Crurotarsi, 8, 10, 13-14 
Crus 
Chindesaurus bryansmalli, 38 
dromaeosaurid, 206 
Guaibasaurus candelariensis, 38 
Herrerasaurus ischigualastensis, 38 
Ingenia yanshini, 176 
saurischian, 38, 38-39 
Staurikosaurus pricei, 38 
therizinosauroid, 157 
Czekanowski Coefficient. See Bray-Curtis 
Coefficient 


Deccan Traps, 673, 673 
Deinocheiridae, 160 
Deinodontidae, 114, 196 
Deinonychosauria, 160, 194 
node-based definition, 24 
stem-based definition, 24 
systematics, 22-24, 194, 207 
Dentary 
Alxasaurus elesitaiensis, 155 
ankylosaurian, 378 
Baryonyx walkeri, 83 
ceratopsian, 486 
ceratopsid, 503 
ceratosaurid, 54 
dromaeosaurid, 201 
Eshanosaurus deguchiianus, 155 
hadrosaurid, 451 
Harpymimus okladnikovi, 140 
iguanodontian, 422-23 
Masiakasaurus knopfleri, 51 
ornithischian, 328 
ornithomimid, 142 
ornithopodan, 401 
oviraptorosaurian, 173 
prosauropod, 242 
Psittacosaurus meileyingensis, 486 
Psittacosaurus mongoliensis, 486 
saurischian, 30 
sauropod, 278 
Scutellosaurus lawleri, 336 
tetanuran, 83-84 
therizinosauroid, 154-56 
thyreophoran, 338 
troodontid, 189 
tyrannosaurid, 119 
Dentition 
Abrictosaurus consors, 397 
Acrocanthosaurus, 84 
Alectrosaurus olseni, 119 
Aliwalia, 30 
Allosaurus, 54, 79, 84 
Altirhinus kurzanovi, 425 
Alwalkeria, 30, 45 
Alxasaurus, 155 
Anchisaurus, 242 
ankylosaurian, 370-71, 378-79, 379, 392, 
618 
Ankylosaurus magniventris, 379 
Archaeoceratops, 487 
Archaeopteryx, 210 
Atlascopcosaurus loadsi, 410 
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Dentition (continued) 
Aublysodon, 127 
in Avialae, 217-18 
Avimimus, 167 
Azendohsaurus, 244, 253-54 
Azendohsaurus laaroussii, 253-54 
Bagaceratops, 487 
Baryonyx, 623 
Beipiaosaurus, 155 
Brachiosaurus, 316 
Brachiosaurus brancai, 279 
Byronosaurus jaffei, 187, 192 
Camarasaurus, 316 
Camarasaurus supremus, 279 
Carcharodontosaurus, 623 
Caudipteryx, 167 
ceratopsid, 503 
Ceratosaurus, 54, 79 
Claosaurus, 452 
Coelophysis, 54-55 
Coelophysis bauri, 55 
Coloradisaurus, 242 
Daspletosaurus, 120 
Datousaurus, 298 
Dicraeosaurus hansemanni, 279 
Dilophosaurus, 54 
Dilophosaurus wetherilli, 54 
Diplodocus, 316 
Diplodocus longus, 279 
Drinker nisti, 403, 410 
dromaeosaurid, 197, 199, 201 
Dromaeosaurus albertensis, 207 
Dryosaurus lettowvorbecki, 425 
Edmontonia rugosidens, 379 
Emausautus ernsti, 338 
Eoraptor, 30, 45 
Eoraptor lunensis, 29 
Erlikosaurus, 154-55 
Eshanosaurus, 155-56 
Euhelopus zdanskyi, 279 
Euoplocephalus, 392 
Euoplocephalus tutus, 379 
Giganotosaurus, 623 
Goyocephale lattimorei, 468 
Gryposaurus latidens, 452 
hadrosaurid, 443, 452 
Harpymimus okladnikovi, 147 
and herbivory, 618-20 
Herrerasaurus, 30, 45 
Heterodontosaurus tucki, 397 
Huayangosaurus, 349, 361 
Hypsilophodon foxii, 398 
iguanodontian, 418-19, 421, 424-25, 
425 
Incisivosaurus, 167 
Incisivosaurus gauthieri, 165 
Jingshanosaurus, 242 
Kentrosaurus, 349 
Lambeosaurus lambei, 452 
Leptoceratops, 487 
Lesothosaurus, 326, 328, 328-29, 334 
Lesothosaurus diagnosticus, 328 
Lufengosaurus, 242 
Lycorhinus angustidens, 397 
Majungatholus, 54 
Masiakasaurus, 54, 67 
Masiakasaurus knopfleri, 67 
Massospondylus, 242 
Microraptor zhaoianus, 208 
Mussaurus, 242 
Neimongosaurus, 155 
Nemegtosaurus, 316 
Neovenator, 79 
nomenclature for, 3 
ornithischian, 326 
Ornitholestes, 80. 
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ornithopodan, 396, 397, 398, 398-99, 
401-5, 403, 410, 412 
Orodromeus makelai, 403 
Othnielia rex, 403 
oviraptorosaurian, 173 
pachycephalosaurian, 470-71, 475 
Paranthodon, 349, 361 
Patagosaurus fariasi, 279 
Pelecanimimus, 139, 147, 150 
Pelecanimimus polyodon, 139, 147 
Pisanosaurus, 329 
Plateosaurus, 241, 242, 244 
Probactrosaurus mongoliensis, 425 
Proceratosaurus, 80 
Prosaurolophus, 452 
prosauropod, 242-43, 256 
Protoceratops, 487 
Psittacosaurus, 486, 492 
Psittacosaurus mongoliensis, 486 
Riojasaurus, 243 
Sauropelta edwardsorum, 379 
sauropod, 278-79, 315-16 
Saurornithoides junior, 187 
Scipionyx, 80 
Segnosaurus, 155, 162 
Segnosaurus galbinensis, 162 
Sellosaurus, 243 
Shunosaurus, 316 
Sinornithoides youngi, 189 
Sinovenator changii, 187, 193 
Spinosaurus aegyptiacus, 98 
Staurikosaurus, 30 
stegosaurian, 349-50, 360 
Stegosaurus, 349, 361 
Stokesosaurus clevelandi, 128 
Syntarsus, 54-55 
Syntarsus kayentakatae, 54-55 
Syntarsus rhodesiensis, 54 
Tarbosaurus bataar, 120 
Tarchia, 392 
Technosaurus, 329 
Telmatosaurus, 452 
Thecodontosaurus, 241, 243 
therizinosauroid, 154-56, 163-64 
theropod, 623-24 
and paleoecology, 621-23 
thyreophoran, 338-39 
Torvosaurus, 79 
Troodon formosus, 189 
troodontid, 187, 189, 189, 192-93 
Tuojiangosaurus, 349 
tyrannosaurid, 111-14, 119, 119-20, 
127-28, 135, 623 
Tyrannosaurus, 623-24 
Tyrannosaurus rex, 119, 623 
Utahraptor, 207-8 
Utahraptor ostrommaysi, 208 
Yimenosaurus, 243 
Yunnanosaurus, 241, 243, 315 
Yunnanosaurus robustus, 243 


Eoraptor, 45 
hadrosaurid, 462 
Herrerasaurus, 45 
Lesothosaurus, 334 
oviraptorosaurian, 183 
Psittacosaurus, 492 
sauropod, 317 
Scutellosaurus, 342 
Staurikosaurus, 45 
Digits 
in Avialae, 218 
ceratopsian, 489 
ceratosaur, 60 
dromaeosaurid, 208-9 
hadrosaurid, 457 
iguanodontian, 435 
oviraptorosaurian, 175 
pedal 
Achillobator giganticus, 203 
Borogovia gracilicrus, 192, 192 
dromaeosaurid, 184, 203, 208-9 
Saurornithoides mongoliensis, 192 
Troodon formosus, 192 
stegosaurian, 354 
tetanuran, 90 
troodontid, 192, 192 
tyrannosaurid, 126-27 
Dimorphism. See also Sexual dimorphism 
Chungkingosaurus jiangbeiensis, 360 
Dacentrus armatus, 360 
Kentrosaurus aethiopicus, 360 
Lexovisaurus, 362 
Lexovisaurus durobrivensis, 360 
stegosaurian, 353, 360 
Dinodontidae, 114 
Dinosaur 
oldest known, 17, 25 
unnamed (= Herrerasauria incertae sedis), 26 
Dinosauria 
basal. See Herrerasauridae 
cladistic analysis, 40, 40 
diagnosis, 16 
incertae sedis, 26 
monophyly, 16 
node-based definition, 16 
origin, 16-18 
possible, 26 
Dinosauriformes, 13, 16 
node-based definition, 16 
stem-based definition, 16 
Dinosauromorpha, 8, 10-11, 13, 15-16 
basal, 17 
node-based definition, 16 
skeleton, 62 
Diphyly, 1 
Diplodocidae, 264, 295 
dentition, 618 
herbivory in, 618 
systematics, 304 
Diplodocoidea, 263, 273-74, 278-79, 302 


Dermal armor. See Armor 
Diaphragm, 651-54, 652 
Diapsida, 8-9, 9 


incertae sedis, 265, 302 
systematics, 302 
unnamed, 265 


apomorphy-based definition, 10 
node-based definition, 10 


Dicraeosauridae, 264, 273 


systematics, 304 


Diet. See also Carnivory; Herbivory 


Aliwalia, 45 

Alwalkeria, 45 
ankylosaurian, 392 

Baryonyx walkeri, 110 
Caudipteryx, 183 

Crocodylus niloticus, 110 
dromaeosaurid, 208-9 
Edmontosaurus annectens, 462 


Display structures. See also Sexual display 
Allosaurus, 110 
Cryolophosaurus, 110 
Monolophosaurus, 110 
Spinosaurus aegyptiacus, 110 
Distal direction, definition, 3 
Distal edge, definition, 3 
Dome-headed dinosaurs. See 
Pachycephalosauria 
Dorsal direction, definition, 3 
Drepanosauridae, 9-10 
?Dromaeosaurid, unnamed 
(= “Ornithodesmus” cluniculus), 199 


Dromaeosauridae, 2, 194, 196-209, 198 
age, 196 
anatomy, 196, 197, 197-206, 199-200, 
203-6, 650 
behavior, 196 
biogeography, 208 
caudal vertebrae, 203 
chevron, 203 
chevrons, 196 
claws, 196 
definition, 196 
diagnosis, 196 
evolution, 206-8 
filamentous integumentary covering, 197 
furcula, 204 
integument, 197, 206 
mandible, 197-201, 199-200 
manus, 205 
material, 196 
nominem dubium, 199 
occurrence, 196 
paleoecology, 208-9, 622-23 
pedal digits, 184, 203, 208-9 
pelvis, 206 
pes, 205 
physiology, 209 
problematic taxa, 199 
provenance, 196 
scapulocoracoid, 197 
size, 196, 197 
skeleton, 184, 197, 208-9 
appendicular, 203-6, 204-6 
axial, 201-3, 203 
postcranial, 201-6, 203-6 
skull, 197-201, 199-200 
systematics, 22, 194, 196, 206-8, 207 
tail, 196 
taphonomy, 196 


Dromaeosaurinae, 196, 206-7 


Dryomorpha, 414, 434 
taxonomy, 433 
Dryosauridae, 414 


Duck-billed dinosaurus. See Hadrosauridae 


Dung beetles, 620 


Ectopterygoid 
ankylosaurian, 376 
ceratopsian, 486 
ceratosaurid, 53 
hadrosaurid, 451 
iguanodontian, 420 
oviraptorosaurian, 171 
pachycephalosaurian, 469-70 
prosauropod, 240-41 
tetanuran, 83 
therizinosauroid, 154 
Ectothermy, 2, 643-45, 664-65 
Eggs, 669-70 

and clutches, 670 
Dacentrurus, 360 
dendroolithid, 159 
elongolithid, 159 
hadrosaurid, 461-62 
Jainosaurus, 321 
Maiasaura, 670 
ornithomimid, 150 
Oviraptor, 183 
oviraptorosaur, 183 
Oviraptor philoceratops, 183 
prosauropod, 257 
Protoceratops, 492 
sauropodan, 321 
therizinosauroid, 159 
Titanosaurus, 321 
Troodon, 670 

Troodon formosus, 195 


troodontid, 195 
Embryos 
sauropodan, 321 
therizinosauroid, 159 
Enantiornithes, 212, 224 
Endemicity, parsimony analysis, 629-30 
Endocranial cast 
Iguanodon, 423 
Plateosaurus, 238 
prosauropod, 241 
stegosaurian, 347-48 
Stegosaurus, 347 
Endocranial cavity 
iguanodontian, 421, 423 
tyrannosaurid, 118 
Endotherms, fermentative, 320 
Endothermy, 2, 643-45, 663-64, 666-67 
evolution, 667-69, 669 
and oxygen consumption, 644-45 
and parental behavior, 670 
Enigmosauridae, 160 
Eosuchia, 9 
Epinasal ossification, ceratopsid, 497 
Epipterygoid 
ankylosaurian, 378 
ornithomimid, 142 
oviraptorosaurian, 171 
pachycephalosaurian, 469 
tyrannosaurid, 118 
Epoccipitals, ceratopsid, 502 
Erythrosuchidae, 9-11 
Euhadrosauria, 439, 460 
taxonomy, 459 
Eumaniraptora 
diagnostic characters for, 23-24 
size, 24 
systematics, 22-23 
Euornithopoda, 393, 394, 408, 410, 432 
dentition, 403 
herbivory in, 620 


non-hydrosaurid, herbivory in, adaptations 


for, 617 
systematics, 8 
unnamed, 394-96 

Euparkeridae, 11 
Eureptilia, 9 
Eurypoda, 344, 364 
Eusaurischia, 21, 26, 43 
Eusauropoda, 262, 273, 278 
basal, 300 
incertae sedis, 263, 302 
systematics, 299-300 
Eustreptospondylinae, 72 
systematics, 96 


unnamed (= “Poekilopleuron” valesdunensis), 


72 

Evolution 
ankylosaurian, 388-91 
Archaeopteryx, 220 
competitive model, 17-18 
in Cretaceous, 619-20 
early dinosaur, 40-41 
iguanodontian, 432-35 
ornithopodan, 408-11 
troodontid, 192-94 
Tyrannosauroidea, 127-33, 128 

Exoccipital 
ceratopsian, 486 
iguanodontian, 420-21 
ornithomimid, 140-41 
prosauropod, 241 
sauropod, 277 
tetanuran, 82 

Extensor, definition, 3 

Extinctions, 2, 16, 672-84 
of Avialae, 230 


background, 672 
Cretaceous-Tertiary (K/T), 672 
asteroid and, 673-75, 675, 680-81, 
683-84 
climatic trends and, 672 
geologic events and, 672-75 


marine regression and, 673, 674, 679-80, 


680, 683-84 
volcanism and, 673, 673, 683-84 
at Cretaceous-Tertiary (K/T) boundary 
multiple causes for, 683-84 
scenarios for, 682-84 
single cause for, 684 
Late Devonian, 672 
Late Ordovician, 672 
mass, 18, 672 
Permo-Triassic, 672 
Triassic-Jurassic, 672 


Fabrosauridae, systematics, 332 

Face-bite wounds 
Carcharodontosaurus, 110 
Monolophosaurus, 110 
Sinraptor dongi, 110 

Feathers, 21-22, 225-28 
Archaeopteryx, 227-28 
Caudipteryx, 181 
Caudipteryx zoui, 172 
Confuciusornis, 227 
dromaeosaurid, 206 
in nonavian dinosaurs, 227 
precursors, 93-94 
Protarchaeopteryx, 227 
Protopteryx, 227 
Sinornithosaurus, 206 

Feeding habits 
Allosaurus fragilis, 109 
Apatosaurus, 316 
Camarasaurus, 316-17 
ceratopsian, 493 
ceratopsid, 511-12 
Diplodocus, 316-17 
Gallimimus, 149-50 
hadrosaurid, 462 
iguanodontian, 436 
Lesothosaurus, 334 
ornithomimid, 149-50 
ornithopodan, 411-12 
pachycephalosaurian, 475 
prosauropod, 256 
sauropod, 315-16 
therizinosauroid, 163-64 
thyreophoran, 342 
tyrannosaurid, 135 

Femur 
Aliwalia rex, 37 
Allosaurus fragilis, 92 
Alwalkeria maleriensis, 37 
ankylosaurian, 386, 387 
Ankylosaurus magniventris, 386 
in Avialae, 219 
Brachiosaurus brancai, 293 
ceratopsian, 489 
ceratopsid, 505-6 
ceratosaur, 61-62 
Ceratosaurus nasicornis, 61 
Chasmosautus belli, 507 
Chindesaurus bryansmalli, 37 
Corythosaurus casuarius, 455 
Dicraeosaurus hansemanni, 293 
dromaeosaurid, 205-6 
Dryosaurus lettowvorbecki, 431 
Edmontosaurus annectens, 455 
Fukuiraptor kitadaniensis, 92 
Gallimimus bullatus, 145 
Guaibasaurus candelariensis, 37 
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Femur (continued) 
hadrosaurid, 456 
Herrerasaurus ischigualastensis, 36 
Homalocephale calathocercos, 472 
iguanodon atherfieldensis, 431 
iguanodontian, 430-32, 431 
Ingenia yanshini, 176 
Lesothosaurus diagnosticus, 330 
Montanoceratops cerorhynchus, 488 
Neovenator salerii, 92 
ornithischian, 331, 334 
ornithomimid, 145, 145 
ornithopodan, 407 
oviraptorosaurian, 178 
pachycephalosaurian, 473 
Pachyrhinosaurus canadensis, 507 
Plateosaurus, 246 
prosauropod, 248-49, 257-58 
Riojasaurus, 247 
of Saurischia, 36, 36-38, 37, 45 
Sauropelta edwardsorum, 386 
sauropod, 292 
Staurikosaurus pricei, 36 
stegosaurian, 355 
Stegosaurus, 352 
Styracosaurus albertensis, 507 
Syntarsus kayentakatae, 61 
Tarbosaurus bataar, 126 
Tenontosaurus tilletti, 431 
tetanuran, 88, 90 
therizinosauroid, 157 
theropod, and paleoecology, 621-22 
thyreophoran, 340-41 
Triceratops horridus, 507 
troodontid, 191 
tyrannosaurid, 125, 126-27 
Tyrannosaurus rex, 126 
Fenestrae, temporal, of amniotes, 9 
Fermentative endotherms, 320 
Fibula 
Allosaurus fragilis, 92 
ankylosaurian, 387 
in Avialae, 219, 223 
Brachiosaurus brancai, 294 
Centrosaurus apertus, 507 
ceratopsian, 489 
ceratosaur, 62-63 
Ceratosaurus nasicornis, 62 
dromaeosaurid, 205-6 
Gallimimus bullatus, 145 
hadrosaurid, 457 
Montanoceratops cerorhynchus, 488 
ornithischian, 331-32 
ornithomimid, 145 
oviraptorosaurian, 178 
Plateosaurus, 246 
sauropod, 292 
Segnosaurus galbinensis, 159 
Stegosaurus, 352 
Syntarsus kayentakatae, 62 
Syntarsus rhodesiensis, 62 
tetanuran, 92 
therizinosauroid, 157-58 
thyreophoran, 341 
Triceratops horridus, 507 
troodontid, 192 
Fighting dinosaurs, 209, 492, 612, 614, 622 
Filter feeding, ornithomimid, 149-50 
Fishes, marine, 682 
Flesh grazing, 110 
Flexor, definition, 3 
Flight, evolution, 228, 228-29, 229 
Food processing. See also Chewing; Feeding 
habits 
ceratopsid, 511 
dinosaur methods, 619-20, 626 
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sauropodan, 320 

Footprints, 624-25. See also Tracks and 

trackways 

ankylosaurian, 392 
Caririchnium, 343 
ceratopsid, 511 
Ceratopsides goldenensis, 511 
paleoecological significance, 624-25 

Foraging, thyreophoran, 342 

Foramen magnum 
ceratopsian, 486 
dromaeosaurid, 201 
iguanodontian, 421 
ornithomimid, 140-41 
oviraptorosaurian, 167 
tetanuran, 82 

Foraminafera, 682 

Forelimb. See also Radius; Ulna 
Acrocanthosaurus atokensis, 89 
ankylosaurian, 385, 392 
Archaeopteryx, 210 
in Avialae, 218 
Carnotaurus, 59 
Carnotaurus sastrei, 59 
ceratopsian, 488, 489 
ceratopsid, 505 
ceratosaur, 59-60 
Ceratosaurus, 59 
Ceratosaurus nasicornis, 59 
Coelophysis bauri, 59 
Dilophosaurus wetherilli, 59 
dromaeosaurid, 204 
Eoraptor, 45 
hadrosaurid, 454 
Herrerasaurus, 45 
Herrerasaurus ischigualastensis, 34 
iguanodontian, 428-29, 435 
Lesothosaurus, 330, 334 
ornithomimid, 149 
ornithopodan, 412 
oviraptorosaurian, 175 
Plateosaurus, 245 
Psittacosaurus mongoliensis, 492 
saurischian, 33, 34, 45 
sauropod, 288-89, 318 
Sinosauropteryx prima, 89 
Stegosaurus, 352 
Syntarsus rhodesiensis, 59 
tetanuran, 88 
troodontid, 191 
tyrannosaurid, 123, 124, 135 
Tyrannosaurus rex, 124 

Forelimb/hindlimb ratio 
Brachiosaurus, 319 
Camarasaurus, 319 
Dicraeosaurus, 319 
Hypsilophodon foxii, 492 
Psittacosaurus mongoliensis, 492 
sauropodan, 319 
Shunosaurus, 319 

Fossil assemblages, 624 
paleoecological significance, 624 


Fossil preservation, 613. See also Taphonomy 


Fossil record, 18 

Frills. See Horns and frills 

Frontals 
ankylosaurian, 373 
ceratopsian, 483 
ceratopsid, 501-2 
ceratosaurid, 53 
dromaeosaurid, 200 
hadrosaurid, 449-50 
iguanodontian, 418 
ornithischian, 327 
ornithomimid, 139 
ornithopodan, 400 


oviraptorosaurian, 168-69 
pachycephalosaurian, 470 
prosauropod, 238 
sauropod, 275 
stegosaurian, 346 
tetanuran, 80 
therizinosauroid, 154 
thyreophoran, 337 
troodontid, 188 

Furcula 
in Avialae, 218 
Bambiraptor feinbergorum, 204 
ceratosaur, 58 
dromaeosaurid, 203-4 
tetanuran, 87 
tyrannosaurid, 123 
Velociraptor mongoliensis, 204 


Garudimimidae, 137 
Gastralia, 651 
prosauropod, 246 
sauropod, 283 
Tarbosaurus bataar, 122 
tetanuran, 86 
troodontid, 191 
tyrannosaurid, 122, 122 
Gastroliths 
Baryonyx, 94 
Caudipteryx, 183 
Lourinhanosaurus, 94 
ornithomimid, 149-50 
Shenzhousaurus, 149 
Sinornithomimus, 149 
tetanuran, 94 
Genasauria, 323 
systematics, 332-33 
Geochemistry, 613, 625-26 
Geologic time scale, 2, 2 
Glenoid 
dromaeosaurid, 203 
tetanuran, 84 
Gondwana, 627-28, 628 
Goyocephala, 465 
Group behavior, 611-12 
Growth and growth rates 
Apatosaurus, 321 
Brachiosaurus, 321 
Dacentrurus, 360 
Deinosuchus, 666 
Janenschia, 658 
Kentrosaurus, 360 
Lapparentosaurus madagascariensis, 658 
Lexovisaurus, 360 
Maiasaura, 656-58, 666-67, 668 
Maiasaura peeblesorum, 462 
Psittacosaurus mongoliensis, 492 
stegosaurian, 360 
Stegosaurus, 360 
Troodon formosus, 194 
troodontid, 194 
tyrannosaurid, 135 
of young, 670 
Gut contents 
Baryonyx, 109-10 
Compsognathus, 109 
Sinosauropteryx, 109 
taphonomic analyses, 610 
Gymnosperms, 462, 615, 618, 618, 626 


Hadrosauridae, 432, 438-63, 439 
age, 438 
anatomy, 443-57, 444-50, 452, 454-56 
basal, 458 
biogeography, 461-63, 642 
braincase, 449 
cladogram, 459 


definition, 438-43 
dentition, 444-48, 450, 452, 452, 619-20 
diagnosis, 438-43 
eggs, 670 
evolution, 457-61 
herbivory in, 620 
adaptations for, 617 
mandible, 443-52, 444-48, 450, 452 
material, 438, 461 
nomina dubia, 442-43 
occurrence, 438 
paleobiology, 461-63 
paleoecology, 461-63, 626 
pelvis, 456 
provenance, 438 
skeleton 
appendicular, 454-57, 455-56 
axial, 452-54, 454-55 
postcranial, 452-57, 454-56 
skull, 443-52, 444, 444-50 
systematics, 457-61, 459 
taphonomy, 610 
taxonomy, 433 
vertebrae, dorsal, 454 
Hadrosauriformes, 434 
Hadrosaurinae, 439, 457, 459 
biogeography, 642 
taxonomy, 459 
unnamed, 441 
Hadrosauroidea, 434 
Haemal arches 
Gorgosaurus libratus, 122 
tyrannosaurid, 122, 122 
Halticosauridae, 64 
Harpymimidae, 137 
Harris lines, 655 
Hearing, troodontid, 194 
Heart, sauropodan, 320 
Hemal processes, tyrannosaurid, 122, 122 
Hemoglobin, and evolution of endothermy, 
667-69, 669 
Herbivory, 18, 614-20 
adaptations for, 614-15, 616-17 
ankylosaurian, 392 
dinosaur 
in Cretaceous, 617-18, 619, 619-20 


in Late Triassic-Early Jurassic, 617-18, 619 


in Middle Jurassic, 617-18, 618, 619 
iguanodontian, 436 
oviraptorosaurian, 183 
paleoecology, 615-20, 626 
plants and, 615, 619, 626 
prosauropod, 255-56 
Psittacosaurus, 492 
sauropod, 259, 271, 315 
thyreophoran, 342 
and tiering, 618, 620, 626 

Herding, 612, 624-26 
sauropodan, 322 
Herrerasauria, incertae sedis, 26 
Herrerasauridae, 26 
systematics, 41-42, 94 
Hesperornithiformes, 215, 221-22, 225 
Heterodontosauridae, 394, 408-10 
herbivory in, adaptations for, 617 
systematics, 8 
Hindlimb. See also Forelimb/hindlimb ratio 
ankylosaurian, 386 
in Avialae, 219 
Centrosaurus apertus, 507 
ceratopsian, 489 
ceratopsid, 505 
ceratosaur, 61 
dromaeosaurid, 205-6 
hadrosaurid, 454-56 
iguanodontian, 435 


ornithischian, 331 
ornithomimid, 145, 145 
Plateosaurus, 246 
prosauropod, 258 
Psittacosaurus mongoliensis, 492 
sauropod, 318 
Scelidosaurus harrisonii, 340 
Scutellosaurus lawleri, 340 
Stegosaurus, 352 
tetanuran, 90-93 
theropod, and paleoecology, 621-22 
Triceratops horridus, 507 
troodontid, 191-92 
tyrannosaurid, 125, 135 
Homalocephalidae, 473-74 
Homalocephaloidea, 465, 474 
Homeothermy, 643-44, 664 
sauropodan, 320 
Horn-cores, ceratopsid, 497, 500 
Horns and frills 
Centrosaurus, 512 
ceratopsian, 478, 492-93 
ceratopsid, 497, 502, 508 
ceratosaur, 69 
hadrosaurid, 457 
Pachyrhinosaurus, 512 
Protoceratops, 508 
Triceratops, 512 
Huayangosauridae, 344, 358 
Humerus 
Acrocanthosaurus atokensis, 88 
Alxasaurus elesitaiensis, 156 
ankylosaurian, 383, 385, 392 
Ankylosaurus magniventris, 385 
Archaeopteryx, 210 
in Avialae, 218 
Baryonyx walkeri, 88 
Camarasaurus grandis, 287 
Centrosaurus apertus, 506 
ceratopsian, 489 
ceratosaur, 58-60 
Cetiosaurus oxoniensis, 287 
Chasmosaurus mariscalensis, 506 
dromaeosaurid, 204 
Eotyrannus lengi, 123 
Euoplocephalus tutus, 385 
Fukuiraptor kitadaniensis, 88 
Gallimimus bullatus, 144 
Goyocephale lattimorei, 472 
hadrosaurid, 454, 462 
Harpymimus okladnikovi, 144 
iguanodontian, 428 
Ingenia yanshini, 176 
Kritosaurus navajovius, 455 
Leptoceratops gracilis, 488 
Opisthocoelicaudia skarzynskii, 287 
ornithischian, 329, 330 
ornithomimid, 143 
ornithopodan, 405 
oviraptorosaurian, 175 
pachycephalosaurian, 473 
Parasaurolophus walkeri, 455 
prosauropod, 247 
Sauropelta edwardsorum, 385 
sauropod, 288-89 
Segnosaurus galbinensis, 156 
Sinornithoides youngi, 191 
stegosaurian, 354-55 
Stegosaurus, 352 
“Szechuanosaurus” zigongensis, 95 
tetanuran, 88-89 
therizinosauroid, 156 
Therizinosaurus cheloniformis, 156 
thyreophoran, 339 
Torvosaurus tanneri, 88 
Triceratops horridus, 506 


troodontid, 191, 191 
tyrannosaurid, 123, 123 
Tyrannosaurus rex, 123 
Hydrosaurids, taphonomy, 612-13 
Hyoid bones 
ankylosaurian, 378 
ceratopsian, 487 
ceratopsid, 503 
hadrosaurid, 452 
iguanodontian, 424, 424 
Ouranosaurus nigeriensis, 424 
prosauropod, 243 
sauropod, 279 
Scipionyx samniticus, 84 
stegosaurian, 350 
tetanuran, 84 
Hypocleideum, oviraptorosaurian, 175 


Hypsilophodontidae, 393, 408, 410, 432 


Ichnotaxa, as ecological entity, 624-25 
Ichthyornithiformes, 216, 221-22, 225 
unnamed, 216 
Iguanodontia, 414-17 
age, 413 
anatomy, 413-32, 418-31 
basal, 413-37 
nomina dubia, 417 
biogeography, 435 
braincase, 422-23 
definition, 413 
dentition, 418-19, 421, 424-25, 425 
diagnosis, 413 
evolution, 432-35 
femur, 431 
juvenile, 435 
mandible, 413-25, 418-19, 421 
manus, 429 
occurrence, 413 
paleobiology, 435-37 
paleoecology, 435-37 
pelvis, 430 
provenance, 413 
size, 413 
skeleton, 426-27 
appendicular, 428-32, 429-31 
axial, 425-28, 425-28 
postcranial, 425-31, 425-32 
skull, 413-25, 418, 418-25 
sternal, 429 
systematics, 432-35, 433 
taxonomy, 433 
vertebrae 
cervical, 425 
dorsal, 428 
Iguanodontoidea, 415, 434 
taxonomy, 433 
lium 
ankylosaurian, 383, 385-86 
Archaeornithomimus asiaticus, 145 
Brachiosaurus brancai, 291 
Centrosaurus apertus, 504 
ceratopsian, 489 
ceratopsid, 505 
ceratosaur, 58, 60 
dromaeosaurid, 204 
Goyocephale lattimorei, 472 
hadrosaurid, 456 
Homalocephale calathocercos, 472 
iguanodontian, 429 
Montanoceratops cerorhynchus, 488 
Opisthocoelicaudia skarzynskii, 285 
ornithischian, 331 
ornithomimid, 144 
ornithopodan, 407 
oviraptorosaurian, 176-78 
pachycephalosaurian, 471, 473 
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Ilium (continued) 
prosauropod, 248 
Rinchenia mongoliensis, 177 
saurischian, 33, 35 
sauropod, 290 
stegosaurian, 354 
Stokesosaurus clevelandi, 128 
tetanuran, 90 
thyreophoran, 340 
Triceratops horridus, 504 
tyrannosaurid, 124, 128 
Infratemporal fossa, ornithopodan, 397 
Ingeniinae, 167, 181 
Insects, 615 
Integument 
Beipiaosaurus, 227 
Beipiaosaurus inexpectus, 158-59 
Caudipteryx, 227,227 
ceratopsid, 506 
Chasmosautrus belli, 506 
filamentous covering 
in Avialae, 227-28 
Sinornithosaurus millenii, 197 
hadrosaurid, 457 
Longipteryx, 228 
“Monoclonius nasicornis,” 506 
in nonavian dinosaurs, 227 
Pelorosaurus becklesii, 295 
Protarchaeopteryx, 227 
Protopteryx, 227-28 
Sinornithosaurus, 206, 227 
Sinosauropteryx, 71, 93-94, 227, 227-28 
therizinosauroid, 158-59 
Intramandibular joint 
Herrerasaurus, 44-45 
tetanuran, 83 
Invertebrates, marine, 682 
at or near Cretaceous-Tertiary (K/T) 
boundary, record for, 682 
Iridium levels, at or near Cretaceous-Tertiary 
(K/T) boundary, 674-75, 675 
Irritatoridae, 72 
Ischium 
Ankylosaurus magniventris, 381 
in Avialae, 219 
Brachiosaurus brancai, 291 
ceratopsian, 489 
ceratosaur, 61 
Dicraeosaurus sattleri, 291 
dromaeosaurid, 204-5 
Edmontonia rugosidens, 381 
hadrosaurid, 456 
Homalocephale calathocercos, 472 
iguanodontian, 430 
ornithischian, 331 
ornithomimid, 144-45 
ornithopodan, 407 
pachycephalosaurian, 473 
prosauropod, 248 
sauropod, 290-92 
stegosaurian, 354 
tetanuran, 90 
thyreophoran, 340 
tyrannosaurid, 124-25 
Isotopes, stable, 625-26. See also 
Geochemistry 


Jaw. See also Mandible; Maxilla 
in Avialae, 217 
Centrosaurus, 54 
Centrosaurus dentisulcatus, 54 
ceratopsian, 486, 491 
Emausautrus ernsti, 337 
hadrosaurid, 462 
Masiakasaurus, 54 
Noasaurus, 54 
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Pisanosaurus mertii, 327 
saurischian, 30 
Technosaurus smalli, 327 
therizinosauroid, 154 
thyreophoran, 338 
tyrannosaurid, 135 
Jugal 
ankylosaurian, 373 
ceratopsian, 483 
ceratopsid, 500 
ceratosaurid, 51, 53 
dromaeosaurid, 200 
hadrosaurid, 447-48 
ornithischian, 327 
ornithomimid, 139 
ornithopodan, 398-99 
oviraptorosaurian, 170 
pachycephalosaurian, 469 
prosauropod, 240 
sauropod, 275-76 
stegosaurian, 346 
tetanuran, 81 
thyreophoran, 337 
tyrannosaurid, 117 
Jurassic Period 

Early 

dinosaur distribution in, 518-20, 522, 

530-37, 531 
dinosaur herbivory in, 616-17, 617-18, 
619 

geologic time scale for, 2 
geologic time scale for, 2 
Late 

dinosaur distribution in, 518, 520, 


525-27, 529-31, 539, 543-52, 550 


dinosaur herbivory in, 618-19, 619 
geologic time scale for, 2 
Middle 
dinosaur distribution in, 520, 526-27, 
529-31, 537, 537-43, 539 
dinosaur herbivory in, 617-18, 618, 619 
geologic time scale for, 2 


Labial surface, definition, 3 
Lacrimal 
ankylosaurian, 372 
Baryonyx walkeri, 82 
ceratopsian, 481 
ceratopsid, 497 
ceratosaurid, 51, 53 
dromaeosaurid, 200 
hadrosaurid, 445 
iguanodontian, 417 
ornithischian, 327 
ornithomimid, 139 
ornithopodan, 400 
oviraptorosaurian, 168-70 
pachycephalosaurian, 469 
sauropod, 275 
tetanuran, 80 
tyrannosaurid, 116 
Lambeosaurinae, 441, 457-58 
biogeography, 642 
eggs, 670 
taxonomy, 459 
unnamed, 442 
Lateral direction, definition, 3 
Laterosphenoid 
ankylosaurian, 377 
ceratopsian, 486 
iguanodontian, 421 
oviraptorosaurian, 169 
sauropod, 277 
tyrannosaurid, 117 
Laurasia, 627-28, 641 
Lepidosauria, 9 


Lepidosauromorpha, 9 
Leptoceratopsidae, systematics, 490 
Limbs. See also Forelimb; Hindlimb 
theropod, and paleoecology, 621-22 
Lines of arrested growth (LAGs), 665-66 
Lingual surface, definition, 3 
Lithostrotia, 268 
systematics, 311 
Liver, 94, 651-53, 652 
Locomotion 
ankylosaurian, 391-92 
Archaeopteryx, 228 
in Avialae, 219 
Caudipteryx, 183 
Chasmosautus, 511 
Heterodontosaurus, 412 
ornithischian, 334 
prosauropod, 258 
Psittacosaurus mongoliensis, 492 
saurischian, 45 
sauropod, 318 
Stegosaurus, 361 
thyreophoran, 342 
Lungs 
dinosaurian, 663 
and dinosaur physiology, 654 
of extant amniotes, 649-50 
and metabolism, 648-54 
in nonavian dinosaurs 
physiologic significance, 654 
structure, 650-54 
and ventilation, 650-54 
sauropodan, 320 


Macronaria, 265, 273 
basal, 305 
incertae sedis, 265 
mandible, 278 
systematics, 305 

Mammals, 18, 614 
agonistic behavior, 477 
body cavity, 651, 652 
bone growth rings in, 655 
carnivorous, 621 
dentition, 620 
dinosaur predation on, 623 
paleobiogeography, 627 

Mandible 
Alwalkeria, 28, 30 
ankylosaurian, 363-79, 370 
Apatosaurus louisae, 274 
Brachiosaurus brancai, 274 
Caenagnathasia, 167 
Camarasaurus lentus, 274 
Caudipteryx zoui, 168 
ceratopsian, 478-87, 483-85 
Chirostenotes, 167 
Chirostenotes pergracilis, 172 
Deinonychus, 201 
Dicraeosaurus hansemanni, 274 
Diplodocus longus, 274 
Dromaeosaurus, 201 
Eoraptor, 28, 30 
Eoraptor lunensis, 29 
Erlikosaurus andrewsi, 153 
Euhelopus zdanskyi, 274 
Euoplocephalus tutus, 370 
Frenguellisaurus ischigualastensis, 29 
Herrerasaurus, 28, 30 
Herrerasaurus ischigualastensis, 29 
iguanodontian, 413-25, 418-19, 421 
Liaoningosaurus, 391 
Nemegtosaurus mongoliensis, 274 
Omeisaurus tianfuensis, 274 
ornithopodan, 393-403, 396, 398-99 
oviraptorosaurian, 165, 173 


Plateosaurus, 238 
Psittacosaurus sinensis, 486 
Shunosaurus, 274 
Spinosaurus aegyptiacus, 98 
Staurikosaurus, 28, 30 
Staurikosaurus pricei, 29 
Stegosaurus, 347 
troodontid, 184-89, 186 
tyrannosaurid, 114-19, 119-20 
Tyrannosaurus rex, 119 
Velociraptor mongoliensis, 201 
Wannanosaurus yansiensis, 468 
Maniraptora, 127, 178-79, 185, 198 
anatomy, 22 
Maniraptoriformes, 127, 138, 166 
systematics, 22 
Manus 
Alxasaurus elesitaiensis, 156 
Anchisaurus, 245 
ankylosaurian, 384-85 
in Avialae, 218 
Beipiaosaurus inexpectus, 157 
Brachiosaurus brancai, 289 
Carnotaurus, 69 
Centrosaurus apertus, 506 
ceratopsian, 489 
ceratopsid, 505 
ceratosaur, 59-60 
Conchoraptor gracilis, 177 
Deinonychus antirrhopus, 205 
dromaeosaurid, 204 
Gallimimus bullatus, 144 
Gorgosaurus libratus, 124 
hadrosaurid, 454 
Harpymimus okladnikovi, 144 
Herrerasaurus, 45 
Heterodontosaurus tucki, 406 
Hypsilophodon foxii, 406, 408 
Iguanodon bernissartensis, 429 
iguanodontian, 429, 429 
Ingenia yanshini, 176 
Janenschia robusta, 289 
Jingshanosaurus, 244 
Khaan, 182 
Leptoceratops gracilis, 488 
Lesothosaurus diagnosticus, 330 
Lufengosaurus, 245 
Massospondylus, 245 
ornithischian, 330-31, 334 
ornithomimid, 143 
Ornithomimus edmontonicus, 144 
ornithopodan, 406, 406, 408 
oviraptorosaurian, 175 
prosauropod, 247-48, 258 
Protoceratops andrewsi, 488 
reduction, in nonavian theropods to birds, 
219 
Riojasaurus, 245 
saurischian, 33 
sauropodan, 290, 319 
Shunosautrus lii, 289 
Stegosaurus, 352 
Struthiomimus altus, 144 
Syntarsus rhodesiensis, 60 
Tarbosaurus bataar, 124 
tetanuran, 89-90 
Thecodontosaurus, 245 
therizinosauroid, 156-57 
theropod, and paleoecology, 621-22 
tyrannosaurid, 123, 124 
Yunnanosaurus, 245 
Marginocephalia, 478 
systematics, 8, 324 
Marine regression, at or near Cretaceous- 
Tertiary (K/T) boundary, 673, 674, 
683-84 


corollaries, 679-80, 680 
Mass burials 
ceratosaur, 69-70 
tetanuran, 110 
Mass mortality, 612 
Maxilla 
ankylosaurian, 369-70 
in Avialae, 216-17 
Bactrosaurus johnsoni, 444 
ceratopsian, 481 
ceratopsid, 497 
ceratosaurid, 51, 52-53 
coelophysoid, 52, 53 
dromaeosaurid, 199 
hadrosaurid, 445-47 
iguanodontian, 417-18 
neoceratosaur, 51, 52 
noasaurid, 51, 52 
Noasaurus leali, 51 
ornithischian, 326-27 
ornithomimid, 139 
ornithopodan, 398 
oviraptorosaurian, 169 
pachycephalosaurian, 469 
Pisanosaurus mertii, 327 
prosauropod, 237 
sauropod, 274-75 
Scutellosaurus lawleri, 336 
tetanuran, 79-80 
therizinosauroid, 153 
thyreophoran, 335 
troodontid, 187-88 
tyrannosaurid, 116 
Medial direction, definition, 3 
Medulla, prosauropod, 241 
Megalosauridae, 64, 72 
age, 96 
material, 96 
occurrence, 109 
skull, 80, 80 
systematics, 96 
Megalosaurinae, 72 
systematics, 96 
Melanorosauridae, 251 
Mesencephalon, iguanodontian, 421 
Mesial edge, definition, 3 
Metabolism. See also Endothermy 
aerobic capacity and, 644-46 
body mass and, 645 
dinosaurian, 664-65 
lungs and, 648-54 
Mamenchisaurus, 320 
respiratory turbinates and, 646-48 
sauropodan, 317, 320-21 
and thermoregulation, 643-44 
variability, 645 
Metacarpals 
ankylosaurian, 385, 387 
Archaeopteryx, 210 
in Avialae, 218, 224 
Beipiaosaurus inexpectus, 157 
ceratopsian, 489 
ceratosaur, 60 
Conchoraptor gracilis, 177 
dromaeosaurid, 204 
iguanodontian, 429 
ornithischian, 330 
ornithomimid, 137-39, 143-44 
ornithopodan, 406 
oviraptorosaurian, 176 
sauropod, 290 
“Szechuanosaurus” zigongensis, 95 
tetanuran, 89-90 
therizinosauroid, 156 
Therizinosaurus cheloniformis, 156 
troodontid, 191 


tyrannosaurid, 123-24 
Metacarpus, stegosaurian, 354 
Metapodia 

Microraptor zhaoianus, 184 

Sinornithosaurus millenii, 184 
Metatarsals 

ankylosaurian, 387 

Archaeopteryx, 216 

in Avialae, 219 

ceratopsian, 489-90 

ceratosaur, 63-64 

dromaeosaurid, 206 

hadrosaurid, 457 

iguanodontian, 432 

ornithischian, 332 

ornithomimid, 145, 145-46 

ornithopodan, 408 

oviraptorosaurian, 178 

pachycephalosaurian, 473 

prosauropod, 248 

sauropod, 293-95 

Segnosaurus galbinensis, 159 

stegosaurian, 355 

Stegosaurus, 352 

tetanuran, 93 

therizinosauroid, 158 

thyreophoran, 341 

troodontid, 192 

tyrannosaurid, 125-26 
Metatarsus 

Alectrosaurus olseni, 126 

Borogovia gracilicrus, 192 

Conchoraptor gracilis, 177 

Gorgosaurus libratus, 126 

Ingenia yanshini, 176 

Sinovenator changii, 192, 193 

Tochisaurus nemegtensis, 192, 193 

Troodon formosus, 192 

troodontid, 192, 192-93 

tyrannosaurid, 125, 126-27 
Middle ear 

ornithomimid, 142 

troodontid, 194 
Migration, 612-13, 624-25 
Miring, 612 
Moab megatracksite, 625 
Mononykinae, systematics, 94 
Monophyly, 1 

of Dinosauria, 8, 16, 40-41 
Morphology. See also Body silhouette 

Brachiosaurus, 317 

sauropod, 259 


Nares 
ankylosaurian, 368-69 
ceratopsid, 497, 512 
hadrosaurid, 444, 463 
iguanodontian, 436 
prosauropod, 237-38, 256 
sauropod, 271, 316 
tyrannosaurid, 116 

Nasal cavity 
ankylosaurian, 372 
Edmontonia rugosidens, 372 
Euoplocephalus tutus, 372 
HAypacrosaurus, 647-48, 648 
Nanotyrannus, 647, 648 
Ornithomimus, 647, 648 

Nasals 
abelisaurid, 51, 53 
ankylosaurian, 371 
ceratopsian, 478, 481 
ceratopsid, 497 
coelophysoid, 53 
dromaeosaurid, 199-200 
hadrosaurid, 444 
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Nasals (continued) 
iguanodontian, 417-18 
neoceratosaur, 51, 53 
ornithischian, 326 
ornithomimid, 139 
ornithopodan, 397 
oviraptorosaurian, 168-69 
pachycephalosaurian, 469 
saurischian, 28 
sauropod, 275 
tetanuran, 80 
thyreophoran, 335-37 
troodontid, 188 
tyrannosaurid, 116 

Nasal turbinates, 663 
in extant amniotes 

functions, 646-47 
structure, 646, 646 
and metabolism, 646-48 
in nonavian dinosaurs, 646-48 

Neck function and posture 
Apatosaurus, 317-18 
Barosaurus, 318 
Brachiosaurus, 317-18 
Camarasaurus, 317-18 
Cetiosaurus, 317-18 
Diplodocus, 317-18 
Haplocanthosaurus, 318 
Mamenchisaurus, 318 
oviraptorosaurian, 183 
prosauropod, 257 
sauropod, 280-82, 317-18 
Shunosaurus, 318 

Nemegtosauridae, 263 
systematics, 303 

Neoceratopsia, 479, 495 
age, 478, 493 
anatomy, 478-90, 482, 485 
biogeography, 492-93 
diagnosis, 490 
material, 492 
occurrence, 478, 492-93 
origin, 493 
paleoecology, 492-93 
skeleton, 482 
skull, 485 
stratigraphy, 492-93 
systematics, 478, 490-92 
taphonomy, 492-93 

Neoceratosauria, 48-49 
age, 47 
diagnosis, 65 
incertae sedis, 49-50, 67 
occurrence, 47 
ontogeny, 50 
size, 47, 50 
skull, 47, 51, 51-55 
systematics, 64-65 

Neodiapsida, 9 

Neornithes, 9, 15-16, 221-22, 225 

Neosauropoda, 263 
systematics, 302 

Neotetanurae, 71, 100 

Neotetrapods, 18 

Neotheropoda, 40 

Nesting, 611-12, 670 
ceratopsian, 492 
hadrosaurid, 462-63 
Maiasaura peeblesorum, 462-63 
Oviraptor, 183 
oviraptorosaurian, 183 
Oviraptor philoceratops, 183 
Protoceratops, 492 
troodontid, 195 

Nitrogen-15, 625-26 

Noasauridae, 64 
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Node-based taxa, 7,8 
Nodosauridae, 365, 390 
incertae sedis, 366 


Occipital 
ceratopsid, 503 
prosauropod, 241 
sauropod, 276-77 
Occiput 
ankylosaurian, 376 
ceratopsian, 486 
ceratopsid, 503 
iguanodontian, 421 
oviraptorosaurian, 167, 171 
therizinosauroid, 154 
tyrannosaurid, 118 
Olfaction, pachycephalosaurian, 475 
Omnivory, ornithischian, 334 
Ontogeny 
Ceratosaurus nasicornis, 66 
Tyrannosaurus rex, 132 
Opisthotic 
ankylosaurian, 376-77 
ceratopsian, 486 
iguanodontian, 421 
ornithomimid, 141 
ornithopodan, 401 
sauropod, 277 
tetanuran, 82 
tyrannosaurid, 117-18 
Orbit 
ankylosaurian, 377 
ceratopsid, 497, 500 
ceratosaurid, 51, 53 
iguanodontian, 413 
ornithischian, 327 
ornithomimid, 139-40 
ornithopodan, 397 
oviraptorosaurian, 167, 173 
pachycephalosaurian, 469-70, 475 
sauropod, 275-76 
troodontid, 194 
Orbitosphenoid 
ceratopsian, 486 
iguanodontian, 421 
oviraptorosaurian, 169 
sauropod, 277 
therizinosauroid, 154 
Ornithischia, 1, 8-9, 40, 323-24, 326 
age, 25 
basal, 325-42 
anatomy, 325-32, 326-27, 329-31 
definition, 325 
dentition, 326-28 
diagnosis, 325 
evolution, 332-33 
femur, 330 
mandible, 325-29, 326-27 
manus, 330 
nomina dubia, 326 
paleobiology, 333-34 
paleoecology, 333-34 
pelvis, 331 
skeleton, 329 
appendicular, 329-30, 330-32, 331 
axial, 329, 329-30 
postcranial, 329, 329-32, 330-31 
skull, 325-29, 326-27 
systematics, 332, 332-33 
cladogram, 323, 332 
definition, 16, 323 
diagnosis, 323 
diet, 325 
herbivory in, 325, 618 
incertae sedis, 332 
locomotion, 334 


occurrence, 25 

and plants, coevolution, 617, 619 

size, 325 

stance, 334 

systematics, 8, 323, 323, 332, 332-33 

taphonomy, 610 

unnamed, 326 
Ornithodira, 10-11, 13, 15 
Ornithomimidae, 137, 138, 146, 178 

biogeography, 149 

herbivory in, adaptations for, 616 

skull, 141 

systematics, 64, 148 
Ornithomiminae, systematics, 94 
Ornithomimosauria, 137-50, 138 

age, 137 

anatomy, 139-46, 140-41, 143-45, 650 

behavior, 150 

biogeography, 148-49 

carnivory in, 137 

coracoid, 144 

cursorial ability, 150 

definition, 137-39 

dentition, 137, 139, 142, 147 

diagnosis, 137-39 

diet, 137, 149-50 

eggs, 150 

evolution, 146-48 

feeding habits, 149-50 

femur, 127, 145 

fibula, 145 

gastroliths, 149-50 

humerus, 144 

locomotion, 150 

mandible, 139-42, 140-41 

manus, 144 

metatarsus, 127 

nomina dubia, 139 

occurrence, 137 

paleobiology, 149-50 

paleoecology, 620 


pectoral girdle and forelimb elements, 144 


pelvic girdle and hindlimb elements, 145 
pes, 145 
provenance, 137 
radius, 144 
scapulocoracoid, 144 
skeleton, 149 
appendicular, 143-46, 144-45 
axial, 142-43, 143 
postcranial, 142-46, 143-45 
skull, 139-42, 140-41, 149, 620 
systematics, 22, 137, 146-48, 158 
tarsals, 145 
tibia, 127, 145 
ulna, 144 
vertebrae, 142 
caudal, 142-43 
cervical, 142 
dorsal, 142 
sacral, 142 
cf. Ornithomimosauria, 138-39 
Ornithopoda, 394, 414, 439 
anatomy, 393-408, 396-99, 404, 406-7, 
650 
basal, 393-412 
cladogram, 409 
nomina dubia, 396 
behavior, 411-12 
biogeography, 411 
bone, 656 
definition, 393 
dentition, 396, 397, 398, 398-99, 401-5, 
403, 410, 412 
diagnosis, 393 
evolution, 408-11 


herbivory in, 618 
adaptations for, 617 
mandible, 393-403, 396, 398-99 
manus, 406, 406, 408 
paleoecology, 411-12, 622, 626 
pelvis, 407 
provenance, 393 
size, 393 
skeleton, 404 
appendicular, 404, 405-8, 406-7 
axial, 403-5, 404 
postcranial, 403-8, 404, 406-7 
skull, 393-403, 396, 398-99 
systematics, 8, 323-24, 393, 408-11, 409, 
473, 490 
taxonomy, 474 
trackways, 625 
Ornithosuchia, 8, 10-11, 15 
Ornithosuchidae, 8, 10-11, 14-16, 18 
Ornithothoraces, 94, 212 
Ornithurae, 214, 221-22, 225 
Osteoderm. See also Armor 
ankylosaurian, 382, 387-88 
Ceratosaurus, 66 
Chialingosaurus, 355 
Chungkingosaurus, 355 
Dravidosaurus, 355 
Euoplocephalus, 387 
Gastonia, 387 
Hesperosaurus, 355-56 
Huayangosaurus, 355 
Kentrosaurus, 355-56 
Lexovisaurus, 355, 362 
Lexovisaurus durobrivensis, 355 
Liaoningosaurus, 387 
Monkonosaurus, 355, 362 
Panoplosaurus, 387 
Pinacosaurus grangeri, 387 
Polacanthus, 387 
Saltasaurus, 295 
sauropod, 295 
Shamosaurus, 387 
Stegosaurus, 355-56 
Stegosaurus longispinus, 356 
Stegosaurus stenops, 356 
Stegosaurus ungulatus, 356 
Tarchia, 387 
Tuojiangosaurus, 355 
Wuerhosaurus, 355 
Oviraptoridae, 165, 166, 178-81 
eggs, 670 
Oviraptorinae, 166, 181 
Oviraptorine, unnamed (= unnamed Zamyn 
Khondt oviraptorine), 165, 167 
classification (phylogenetic position), 179, 
180, 181 
diagnosis, 182 
furcula, 172 
humerus, 177 
mandibular ramus, 172 
manus, 177 
skeleton, 174, 182 
skull, 168, 168-71, 173, 182 
tarsometatarsus, 177 
Oviraptorosauria, 22, 165-83, 166 
anatomy, 165-78, 168, 172, 176-77 
appendicular skeleton, 176 
cladogram, 180 
definition, 165 
diagnosis, 165 
evolution, 178-83 
mandible, 165-73, 168, 172 
manus, 176-77 
metatarsus, 176-77 
nomina dubia, 167 
paleoecology, 183 


pelvis, 176-77 
possible, 167 
skeleton 
appendicular, 172, 175-78, 176-77 
axial, 172, 173-75 
postcranial, 172, 173-78 
skull, 165-73, 168 
systematics, 165, 178-83, 180 
Oviraptors, anatomy, 650 
Oxygen isotopes, 644-45 


Pachycephalosauria, 464-77, 465 
age, 464 
anatomy, 464-73, 466-68, 472 
biogeography, 149, 464, 630 
cladistic analysis, 473 
cladogram, 474 
definition, 464 
dentition, 466-67, 470-71, 475 
diagnosis, 464 
distribution in space and time, 475 
dome, 464 
function, 476-77 
herbivory in, adaptations for, 616 
incertae sedis, 466 
mandible, 464-71, 468 
material, 464 
nomina dubia, 466 
occurrence, 464 
paleobiology, 475-76 
paleoecology, 475-77, 620 
tibs, 475 
sacropelvic region, 472 
sexual dimorphism, 476 
skeleton, 464 
appendicular, 472, 473 
axial, 471, 472 
postcranial, 471-73, 472 
skull, 464-71, 466, 466-68 
stratigraphy, 475 
systematics, 8, 323, 464, 473-75, 474, 490 
taphonomy, 475 
vertebrae, 471 
Pachycephalosauridae, 465 
systematics, 473-75 
unnamed, 466 
Pack behavior, dromaeosaurid, 209 
Palate 
Albertosaurus sarcophagus, 117 
ankylosaurian, 370, 375, 378, 392 
ceratopsian, 486 
ceratopsid, 502 
ceratosaurid, 53 
Coelophysis, 53 
coelophysoid, 53 
dromaeosaurid, 201 
Euoplocephalus tutus, 370 
hadrosaurid, 451 
Herrerasaurus, 28 
iguanodontian, 418 
Majungatholus, 53 
neoceratosaur, 53 
ornithischian, 327 
ornithopodan, 401 
oviraptorosaurian, 170-71 
stegosaurian, 347 
Syntarsus rhodesiensis, 53 
Tarbosaurus bataar, 117 
therizinosauroid, 154 
thyreophoran, 338 
troodontid, 188 
tyrannosauridae, 117 
Tyrannosaurus rex, 117 
Palatine 
ankylosaurian, 375 
dromaeosaurid, 201 


hadrosaurid, 451 
iguanodontian, 418 
ornithischian, 328 
ornithomimid, 142 
prosauropod, 240 
tetanuran, 83 
tyrannosaurid, 118 
Paleobiogeography, dinosaurian, 627-42 
phenetic analysis, 629-41, 632-34, 
635-36, 637-40 
reconstruction, problems in, 627-29, 628 
regional (intracontinental), 641-42 
studies, 629-30 
Paleobiology 
Acrocanthosaurus, 109 
Albertosaurus, 134 
Albertosaurus sarcophagus, 134 
Alectrosaurus, 134, 136 
Alioramus, 134 
Allosaurus, 110, 133, 135 
Allosaurus fragilis, 109 
Altirhinus, 435, 437 
Ammosaurus, 255 
Anchisaurus, 254-58 
Archaeopteryx, 226-27 
Bahariasaurus, 110 
Baryonyx, 110, 133 
Brachiosaurus, 316-17 
Camarasaurus, 316 
Camptosaurus, 435, 437 
Camptosaurus dispar, 435 
Carcharodontosaurus, 110 
Carnotaurus, 69, 135 
Caudipteryx, 226-27 
Ceratosaurus, 69, 109-10, 133 
Cetiosaurus, 317 
Coelophysis, 69-70 
Coelurus, 110 
Coloradisaurus, 254-58 
Compsognathus, 226 
Confuciusornis, 226 
Daspletosaurus, 134, 136 
Deltadromeus, 110 
Dilophosaurus, 69-70 
Dilophosaurus wetherilli, 69-70 
Diplodocus, 316 
Dryptosaurus, 135 
Edmarka, 110 
Elaphrosaurus, 110, 135 
Eolambia, 435, 437 
Eotyrannus, 110, 133-35 
Gallimimus, 149-50 
Gallimimus bullatus, 149 
Genusaurus sisteronis, 69 
Gorgosaurus, 134 
“Gyposaurus” sinensis, 257-58 
Hypsilophodon foxii, 436 
Iguanodon, 435-37 
Iguanodon atherfieldensis, 436 
Iguanodon bernissartensis, 435-36 
Iguanodon fittoni, 435 
iguanodontian, 435-37 
Jingshanosaurus, 254-58 
Koparion, 110 
Kotasaurus, 257 
Lurdusaurus, 435 
Lurdusaurus arenatus, 435-36 
Maiasaura peeblesorum, 462 
Marshosaurus, 110 
Massospondylus, 254-58 
Massospondylus carinatus, 257 
Mussaurus, 254-58 
Mussaurus patagonicus, 257 
Muttaburrasaurus, 437 
Nemegtosaurus, 316 
Neovenator, 110, 133 
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Paleobiology (continued) 
Ornitholestes, 110 
Ornithomimus, 149 
Ouranosaurus, 435-37 
Ouranosaurus nigeriensis, 436 
Patagopteryx, 226 
Plateosaurus longiceps, 257 
Polacanthus foxii, 436 
Probactrosaurus, 435 
Protarchaeopteryx, 226-27 
Protohadros, 437 
Riojasaurus, 254-58 
Sarcosuchus, 110 
Saturnalia, 258 
Saurophaganax, 110 
Sellosaurus, 255 
Sellosaurus gracilis, 257 
Sigilmassasaurus, 110 
Sinosauropteryx, 226 
Sinraptor dongi, 110 
Spinosaurus, 110, 436 
Stenopelix, 134 
Stokesosaurus, 110, 133-34 
Struthiomimus altus, 149 
Syntarsus kayentakatae, 69-70 
Syntarsus rhodesiensis, 69-70 
Tarbosaurus, 134 
Thecodontosaurus, 254-58 
Thecodontosaurus antiquus, 257 
Torvosaurus, 109-10, 133 
troodontid, 194-95 
Tyrannosauroidea, 133-36 
Tyrannosaurus, 133-36 
Unenlagia, 226, 228 
Valdosaurus canaliculatus, 436 
Yaverlandia, 134 
Yaverlandia bitholus, 436 
Yimenosaurus, 254-58 
Yunnanosaurus, 254-58 


Paleoecology, 614-26. See also Taphonomy 


Albertosaurus, 621, 622 

Aliwalia, 46 

Allosaurus, 110, 621, 622, 624, 626 
Alwalkeria, 46 

Alxasaurus, 163 

ankylosaurian, 391-92 
Avaceratops lammersi, 461 
Azendohsaurus, 46 

Bavarisaurus, 623 

Beipiaosaurus, 163 
Blikanasaurus, 254 
Brachylophosaurus canadensis, 461 
Carcharodontosaurus, 621, 622-23 
of carnivory, 620-24, 626 
Carnotaurus, 621, 622 
Caudipteryx, 183 

Centrosaurus, 626 

Ceratosaurus, 110, 621 
Chindesaurus, 46 

Claosaurus agilis, 461 
Coelophysis, 621, 623-24, 626 
Coloradisaurus, 254 
Compsognathus, 621, 623 
Conchoraptor, 623 

Corythosaurus, 620 

Deinonychus, 208-9, 621, 622-23 
Dilophosaurus, 621 
Dromaeosaurus, 208-9 
Edmontosaurus, 620, 622 
Edmontosaurus regalis, 461 
Emausautrus, 342 

Eoraptor, 46 

Erlikosaurus, 163 

Eshanosaurus, 163 
Euoplocephalus, 392 
Euskelosaurus, 254 
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Gargantuavis, 624 
Giganotosaurus, 621, 623 
Gryposaurus incurvimanus, 461 
Guaibasaurus, 46 
Hadrosaurus foulkii, 461 
of herbivory, 615-20, 626 
Herrerasaurus, 45-46 
Heterodontosaurus, 412 
Homalocephale calathocercos, 476 
Hypacrosaurus altispinus, 461 
Hypacrosaurus stebingeri, 461 
HAypsilophodon, 412 
Iguanodon, 624 
Iguanodon bernissartensis, 435 
Iguanodon fittoni, 435 
iguanodontian, 435-37 
Ingenia, 621, 623 
Isanosaurus, 254 
“Kritosaurus” australis, 461 
Leptoceratops gracilis, 492 
Lesothosaurus, 333 
Lessemsaurus, 254 
Lufengosaurus, 254 
Lurdusaurus arenatus, 435 
Magyarosaurus, 315 
Maiasaura, 626 
Maiasaura peeblesorum, 461 
Massospondylus, 254 
Melanorosaurus, 254 
Minmi, 392 
Nemegtosaurus, 315 
Omeisaurus, 622 
Opisthocoelicaudia, 315 
ornithopodan, 411-12, 622, 626 
Oviraptor, 621, 623 
Oviraptor mongoliensis, 623 
Oviraptor philoceratops, 623 
Pisanosaurus, 333 
Plateosaurus, 254, 624 
Prenocephale prenes, 476 
Protoceratops, 623 
Protoceratops andrewsi, 492 
Riojasaurus, 254 
Saltopus, 46 
Saturnalia, 46 
Saurolophus angustirostris, 461 
Saurolophus osborni, 461 
sauropod, 271 
Saurornitholestes, 208-9 
Saurosuchus, 45 
Scelidosaurus, 342 
Scutellosaurus, 342 
Segnosaurus, 163 
Sellosaurus, 254 
Shunosaurus, 316 
Sinosauropteryx, 623 
Stegoceras validum, 461 
Syntarsus, 621 
Tarbosaurus, 621 
Tarchia, 392 
Technosaurus, 333 
Telmatosaurus, 461 
Tenontosaurus, 622-23 
Tetrasauropus, 254 
Torvosaurus, 110 
Triceratops, 510, 614, 622, 626 
Triceratops horridus, 492 
Troodon, 621 
Tsintaosaurus, 461 
Tyrannosaurus, 614, 621, 622 
Utahraptor, 621 
Velociraptor, 208-9, 621 
Yunnanosaurus, 254 
Paleogeography 
of Aptian, 628, 628, 639 
of Early Cretaceous, 639, 639-40 


of Early Jurassic, 637, 637-38 
of Late Cretaceous, 639-40, 640 
of Late Jurassic, 638, 638 
of Late Triassic, 637, 637-38 
of Middle Jurassic, 638, 638 

Paleotetrapods, 18 

Palmar, definition, 3 

Palpebral 
ceratopsian, 483 
iguanodontian, 413 
ornithopodan, 400 

Panaves, 15 

Parasphenoid 
ankylosaurian, 377 
pachycephalosaurian, 470 
prosauropod, 241 
tyrannosaurid, 117 

Parasuchia, 9-11 

Paraves 
anatomy, 22-23 
stem-based definition, 22 

Parental behavior 
and growth strategies, 670 
hadrosaurid, 463 

Parietals 
ankylosaurian, 373 
ceratopsian, 483 
ceratopsid, 502 
ceratosaurid, 53 
dromaeosaurid, 199-200 
hadrosaurid, 450 
ornithomimid, 140-41 
ornithopodan, 400 
oviraptorosaurian, 168-69 
pachycephalosaurian, 470 
sauropod, 276 
stegosaurian, 346 
tetanuran, 82 
therizinosauroid, 154 
troodontid, 188 

Paroccipital processes 
ceratosaurid, 54 
dromaeosaurid, 201 
sauropod, 277 
troodontid, 189 

Parsimony Analysis of Endemicity (PAE), 

629-30 

Pectoral girdle 
ankylosauria, 384 
Carnotaurus, 58 
ceratopsian, 489 
ceratosaur, 58 
Ceratosaurus, 58 
Dilophosaurus wetherilli, 58 
dromaeosaurid, 203 
Guaibasaurus candelariensis, 34 
hadrosaurid, 454 
Herrerasaurus ischigualastensis, 34 
ornithomimid, 143 
pachycephalosaurian, 473 
Plateosaurus, 245 
saurischian, 33, 34 
Stegosaurus, 352 
Syntarsus kayentakatae, 58 
therizinosauroid, 156 
troodontid, 191 

Pelvic girdle 
Ammosaurus, 247 
Anchisaurus, 247 
ankylosaurian, 385-86 
in Avialae, 219 
ceratopsian, 489 
ceratosaur, 60 
Huayangosaurus, 351 
Kentrosaurus, 351 
Lexovisaurus, 351 


ornithomimid, 144 
Plateosaurus, 246 
Riojasaurus, 247 
Scelidosaurus harrisonii, 340 
Scutellosaurus lawleri, 340 
Stegosaurus, 351 
thyreophoran, 340 
troodontid, 191 

Pelvis 
Adasaurus mongoliensis, 206 
Afrovenator abakensis, 91 
Allosaurus fragilis, 91 
ankylosaurian, 381, 385-86 
Avimimus portentosus, 177 
Bambiraptor feinbergorum, 206 
Brachiosaurus brancai, 291 
Camptosaurus dispar, 430 
Carnotaurus sastrei, 60 
Centrosaurus flexus, 504 
Ceratosaurus nasicornis, 60 
Chasmosaurus mariscalensis, 504 
Chindesaurus bryansmalli, 35 
Coelophysis bauri, 60 
Corythosaurus casuarius, 456 
Dicraeosaurus hansemanni, 291 
Dryosaurus altus, 430 
Elaphrosaurus bambergi, 60 
Enigmosaurus mongoliensis, 158 
Euoplocephalus tutus, 381 
Gallimimus bullatus, 145 
Gryposaurus incurvimanus, 456 
Guaibasaurus candelariensis, 35 
hadrosaurid, 454-56 
Herrerasaurus ischigualastensis, 35 
Heterodontosaurus tucki, 407 
Hypsilophodon foxii, 407 
Iguanodon atherfieldensis, 430 
iguanodontian, 429-30, 430 
Ingenia yanshini, 176 
Lesothosaurus diagnosticus, 331 
Liliensternus liliensterni, 60 
Majungatholus atopus, 60 
Monolophosaurus jiangi, 91 
Nanshiungosaurus brevispinus, 158 
Nomingia gobiensis, 177 
ornithischian, 331 
ornithopodan, 407 
Ouranosaurus nigeriensis, 430 
oviraptorosaurian, 176-78 
pachycephalosaurian, 473 
Patagosaurus fariasi, 291 
Protoceratops andrewsi, 488 
of Saurischia, 33, 35 
Segnosaurus galbinensis, 158 
Staurikosaurus pricei, 35 
Struthiosaurus languedocensis, 381 
Syntarsus rhodesiensis, 60 
“Szechuanosaurus” zigongensis, 95 
Tenontosaurus tilletti, 430 
therizinosauroid, 157 
theropod, 653 
Torvosaurus tanneri, 91 
tyrannosaurid, 125 
Tyrannosaurus rex, 125 
Velociraptor mongoliensis, 206 

Pes 
Acrocanthosaurus atokensis, 93 
Alectrosaurus olseni, 126 
Anchisaurus, 247 
ankylosaurian, 387 
Beipiaosaurus inexpectus, 157 
Centrosaurus, 507 
Centrosaurus apertus, 507 
ceratopsian, 489-90 
ceratosaur, 63 
Deinonychus antirrhopus, 205 


Dilophosaurus wetherilli, 63 
dromaeosaurid, 206 
Erlikosaurus andrewsi, 159 
Gallimimus bullatus, 145 
Gorgosaurus libratus, 126 
Graciliceratops gobiensis, 488 
Guaibasaurus candelariensis, 39 
hadrosaurid, 457 
Harpymimus okladnikovi, 145 
Herrerasaurus ischigualastensis, 39 
iguanodontian, 432 
Ingenia yanshini, 176 
Masiakasaurus knopfleri, 63 
Montanoceratops cerorhynchus, 488 
Neovenator salerii, 93 
ornithischian, 332 
ornithomimid, 145, 145-46 
oviraptorosaurian, 176, 178 
pachycephalosaurian, 473 
Plateosaurus, 246 
Pleurocoelus, 296 
Protoceratops andrewsi, 488 
Riojasaurus, 247 
of Saurischia, 39, 39-40 
sauropod, 293-95 
Sellosaurus, 247 
Shunosautus lii, 296 
Stegosaurus, 352 
Struthiomimus altus, 145 
Syntarsus kayentakatae, 63 
tetanuran, 93 
therizinosauroid, 158 
thyreophoran, 341 
tyrannosaurid, 126 
Yunnanosaurus, 247 
Phalanges 
in Avialae, 218 
ceratopsid, 505 
hadrosaurid, 457 
iguanodontian, 435 
ornithomimid, 144 
ornithopodan, 406 
oviraptorosaurian, 175 
“Szechuanosaurus” zigongensis, 95 
tetanuran, 93 
Therizinosaurus cheloniformis, 156 
tyrannosaurid, 126-27 
Phenetic similarity analysis, 629-41 
Phylogeny. See also Taxonomy 
Abrictosaurus consors, 408-10 
Abrosaurus, 305-6 
Achelousaurus, 508-9, 509 
Achillobator, 207, 207 
Acrocanthosaurus, 99, 104 
Adasaurus mongoliensis, 207, 207 
Aegyptosaurus, 309 
Aeolosaurus, 311 
Afrovenator, 96 
“Agathaumus,” 508 
Agilisaurus louderbacki, 409, 410 
‘Agilisaurus” multidens, 408, 409, 410 
Agustinia, 309 
Alamosaurus, 297, 311 
Albertosaurus, 127, 130 
Alectrosaurus, 128, 130, 132 
Alioramus, 128, 130, 132-33 
Allosaurus, 64, 95-96, 100-103, 194, 249 
Alocodon, 332 
Altirhinus kurzanovi, 434 
Alvarezsauridae, 224 
Alvarezsaurus, 224 
Alxasaurus, 160, 160 
Amargasaurus, 297, 304 
Ambiortus, 224 
Ammosaurus, 249, 251 
Ampelosaurus, 311 


Amphicoelias, 302 

Amtosaurus, 391 

Amygdalodon, 302 

Anas, 224 

Anchiceratops, 508-9, 509 
Anchisaurus, 249, 249, 250-51 
Andesaurus, 296, 309 
Angaturama limai, 98-99 
Animantarx, 390 

Ankylosauria, 388 
Ankylosauridae, 388 
Ankylosaurinae, 388 
Ankylosaurus, 388, 390 
Anserimimus, 94, 146, 148, 148 
Antarctosaurus, 311-12 
Apatosaurus, 259, 297, 304-5 
“Apatosaurus” minimus, 298 
Apsaravis, 225 

Aragosaurus, 302 
Archaeoceratops, 490, 491 
Archaeopteryx, 179, 210, 220, 223, 224 
Archaeopteryx lithographica, 180 
Archaeornithoides deinosauriscus, 108 


Archaeornithomimus, 94, 139, 146, 148, 148 


Archosauria, 8-9, 9 
precladistic, 10 
Argentinosaurus, 296, 309-10 
Argyrosaurus, 310 
Arrhinoceratops, 508-9, 509 
Atlasaurus, 296, 297, 306 
Atlascopcosaurus loadsi, 410 
Aublysodon, 127 
Austrosaurus, 297, 310 
Avaceratops, 508, 510 
Aves, 224 
Avimimus, 165, 178, 180 
Azendohsaurus, 232, 253 
Bagaceratops, 490, 491 
Bahariasaurus ingens, 108 
Barapasaurus, 249, 249, 296, 297, 301 
Barosaurus, 297, 305 
Baryonyx, 94, 97 
basal Avialae, 224 
basal birds, 224 
basal Ceratopsia, 491 
basal Tetanurae, 95 
Beipiaosaurus, 160 
Bellusaurus, 296, 297, 306 
Blikanasaurus, 249, 249, 297-98 
Borogovia gracilicrus, 193-94 
Brachiosaurus, 297, 308-9 
Brachyceratops montanensis, 508 
Brachylophosaurus, 460 
Bugenasaura infernalis, 410 
Byronosaurus jaffei, 193-94, 194 
Caenagnathus, 178-80 
Camarasauromorpha, 297 
Camarasaurus, 259, 296, 297, 306-7 
Camelotia, 249, 250 
Camposaurus arizonensis, 69 
Camptosaurus, 458 
Carcharodontosaurus, 102-4, 108 
Cardiodon, 298 
Carinatae, 224 
Carnotaurus, 64, 66 
Caudipteryx, 178, 180 
Cedarosaurus, 297, 308 
Cedarpelta, 388, 390 
Centrosaurus, 490, 491, 508-9, 509 
Ceratopsidae, 507-10 
Ceratosauria, 47, 48, 64, 65 
Cetiosauriscus, 302-3 
Cetiosaurus, 259, 296, 297, 301-2 
“Cetiosaurus” glymptonensis, 303 
Changchengornis, 224, 224 
Chaoyangia, 221 
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Phylogeny (continued) 
Chaoyangsaurus, 490, 491 
Chasmosaurus, 507-9, 509 
Chialingosaurus, 356-57 
Chilantaisaurus, 99, 160 
Chindesaurus, 94 
Chirostenotes, 179, 180 
Chuanjiesaurus, 299 
Chubutisaurus, 310 
Chungkingosaurus, 356-58 
Citipati osmolskae, 180, 181 
Coelophysis, 68, 94, 249 
Coelurus, 107-8 
Coloradisaurus, 249, 249, 250 
Compsognathus, 104-5 
Conchoraptor gracilis, 179, 180, 181 
Concornis, 224 
Confuciusornis, 223-24, 224 
Confuciusornithidae, 224 
Corythosaurus, 459 
Craterosaurus, 356 
Cristatusaurus lapparenti, 98 
Cryolophosaurus ellioti, 101 
Dacentrurus, 356-58 
Daspletosaurus, 127, 130-31 
Datousaurus, 298 
Deinonychus, 206-7, 207 
Deltadromeus agilis, 108 
Diceratops, 508-9, 509 
Dicraeosaurus, 297, 304 
Dilophosaurus, 67, 249 
Dinheirosaurus, 303 
Diplodocoidea, 297 
Diplodocus, 297, 302, 305 
Diracodon laticeps, 359 
Dravidosaurus, 343, 356 
Dromaeosauridae, 194, 207 
Dromaeosaurus albertensis, 206-7, 207 
Dromiceiomimus, 146-48 
Dryptosaurus, 114 
Dryptosaurus quilunguis, 111, 128 
Dyslocosaurus, 305 
Dystrophaeus, 299 
Dystylosaurus, 309 
Echinodon, 332, 342 
Edmontonia, 388, 390 
Edmontosaurus, 460 
Einiosaurus, 508-9, 509 
Elaphrosaurus, 66, 146, 148 
Emausaurus, 341-42, 342 
Enantiornithes, 224 
Enigmosaurus, 159, 160 
Eoalulavis, 221, 224 
?Eobrontosaurus, 307 
Eolambia caroljonesa, 458 
Eoraptor, 249 
Eotyrannus, 111, 114, 128-29 
Epachthosaurus, 310 
Equijubus, 432, 434 
Erectopus sauvagei, 99 
Erlikosaurus, 160, 160, 162 
Eshanosaurus, 111, 151, 153, 160, 161-62 
Eucamerotus, 307-8 
Euenantiornithes, 224 
Euhelopus, 296, 297, 300, 309 
Euoplocephalus, 388, 389-90 
Eusauropoda, 297 
Euskelosaurus, 249, 250, 253 
Eustreptospondylus, 95-97 
Fabrosaurus, 325, 332-33 
Fukuiraptor, 101 
Fulgurotherium australe, 410-11 
Gallimimus, 94, 147-48, 148 
Gargoyleosaurus, 388, 388 
Garudimimus, 137, 147-48, 148 
Gasosaurus constructus, 108-9 
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Gasparinisaura, 409, 410, 432 
Gastonia, 388, 388 

Genusaurus, 67 

Giganotosaurus carolinii, 104 
Gilmoreosaurus, 457 

Gobipteryx, 224 

Gobisaurus, 388, 388-89 
Gojirasaurus quayi, 68-69 
Gondwanatitan, 297, 312 
Gongxianosaurus, 298 
Gorgosaurus libratus, 127, 130-31 
Goyocephala, 474 
Graciliceratops mongoliensis, 491 
Gravitholus, 474-75 

Gryposaurus, 460 

Guaibasaurus, 43 

“Gyposaurus” sinensis, 249, 250-51 
Haplocanthosaurus, 296, 297, 307 
Harpymimus, 137, 139, 147-48, 148 
Herrerasaurus, 94, 179, 180, 249, 296, 297 
Hesperornis, 221-22, 224, 225 
Hesperosaurus, 356-57 
Heterodontosaurus, 408-10, 409 
Homalocephale calathocercos, 476 
Huabeisaurus, 310 
Huayangosaurus, 356-58, 388 
Hudiesaurus, 302 

Hulsanpes perlei, 208 
Hypacrosaurus, 458-59 
Hypsilophodon, 249, 409, 410, 432, 490 
Iberomesornis, 224, 224 
Ichthyornis, 222, 224, 225 
Iguanodon, 432, 434, 458 
Tliosuchus incognitus, 99 
Incisivosaurus gauthieri, 165 
Ingenia yanshini, 179, 180, 181 
Irritator, 98 

Isanosaurus, 297-98 
Jainosaurus, 312 

Janenschia, 310 
Jiangshanosaurus, 312 
Jingshanosaurus, 249, 250 
Jinzhousaurus, 432 

Jobaria, 296, 297, 306 
Kaijiangosaurus lini, 99 

Kakuru kujani, 108 

Kentrosaurus, 357-58 

Khaan mckennai, 179, 180, 181 
Klamelisaurus, 299 

Kotasaurus, 249, 249, 297, 298 
Kritosaurus, 460 

“Kritosaurus” australis, 458-60 
Lambeosaurus, 459 
Laplatasaurus, 312 
Lapparentosaurus, 296, 307 
Leptoceratops, 490, 491 


Lesothosaurus, 249, 323, 325, 332, 332, 333, 


388, 432 
Lessemsaurus, 249 
Lexovisaurus, 356-58 
Liaoceratops, 491 
Liaoningornis, 221 
Liliensternus, 67-68 
Lirainosaurus, 297, 312 
Lithostrotia, 297 
Lophorhothon, 459 
Losillasaurus, 303 
Lourinhanosaurus, 101 
Lourinhasaurus, 297, 300 
Lufengosaurus, 249, 250 
Lurdusaurus, 432 
Lycorhinus, 408-10 
Macronaria, 297 
Magnosaurus nethercombensis, 99 
Magyarosaurus, 312 
Maiasaura, 460 


Majungatholus, 66, 464, 475 
Malawisaurus, 297, 312-13 
Mamenchisaurus, 297, 300-301 
Marasuchus, 297 
Marsginocephalia, 409 
Marshosaurus bicentesimus, 109 
Masiakasaurus, 24, 67 
Massospondylus, 249, 250, 252 
Megalosaurus, 96, 100, 109 
Megalosaurus bucklandii, 96, 100 
“Megalosaurus” hesperis, 99 
Melanorosaurus, 249, 250 
Metriacanthosaurus parkeri, 99-100 
Micropachycephalosaurus, 474-75 
Microraptor, 207, 207 
Microvenator, 182-83 

Minmi, 388, 388 
Monkonosaurus, 356 
Monoclonius crassus, 508 
Monolophosaurus, 101 
Mononykus, 94, 224 
Montanoceratops, 490, 491 
“Morosaurus” agilis, 299 
Mussaurus, 249, 252 
Muttaburrasaurus, 432-34 
Naashoibitosaurus, 458-59 
Nanosaurus, 332 
Nanshiungosaurus brevispinus, 160, 160 
Nanyangosaurus, 432 
Nedcolbertia, 105 
Neimongosaurus, 160, 162 
Nemegtosaurus, 297, 303 
Neosauropoda, 297 
Neotheropoda, 297 

Neovenator salerii, 103-4 
Neuquenornis, 221, 224 
Neuquensaurus, 313-14 
Nigersaurus, 296, 304 
Noasaurus, 64, 67 
Nodosauridae, 388 
Noguerornis, 221, 224 
Nomingia, 182 

Nothronychus, 164 
Notohypsilophodon comodorensis, 411 
Nqwebasaurus, 106-7 
Omeisaurus, 296, 297, 301 
Opisthocoelicaudia, 297, 311, 314 
Oplosaurus, 299 

Ornatotholus, 474, 474-75 
Ornithischia, 297 
“Ornithodesmus” cluniculus, 208 
Ornitholestes, 100, 106 
Ornithomimosauria, 137, 148, 148 
Ornithomimus, 94, 127, 137, 146-48, 148 
Ornithopsis, 307-8 
Ornithothoraces, 224 
Ornithurae, 224 
Ornithuromorpha, 224 
Orodromeus makelai, 409, 410 
Othnielia, 408, 409, 410 
Ouranosaurus nigeriensis, 434 
Oviraptor, 178-82 
Oviraptorosauria, 180 
Pachycephalosaurus, 474 
Pachyrhinosaurus, 508-9, 509 
and paleophysiology, 662 
Panoplosaurus, 388 

Paralititan, 313 

Paranthodon, 356 
Parasaurolophus, 458-59 
Parksosaurus warreni, 409, 410 
Parvicursor, 94 

Patagonykus, 224 

Patagopteryx, 221-22, 224, 225 
Patagosaurus, 296, 297, 302 
Pawpawsaurus, 388, 390 


Pelecanimimus, 137, 139, 146-48, 148 
Pellegrinisaurus, 297, 313 
Pelorosaurus conybearei, 308 
Pentaceratops, 508-9, 509 
Phuwiangosaurus, 297, 310-11 
Piatnitzkysaurus, 94, 96-97 
Pinacosaurus, 388, 388, 389 
Pisanosaurus, 323, 325, 332, 332-33 
Plateosaurus, 249 

Pleurocoelus, 308 

“Pleurocoelus,” 296 
Poekilopleuron, 96 
“Poekilopleuron” valesdunensis, 96-97 
Prenocephale, 474, 474, 476 
Probactrosaurus, 432, 434-35 
Proceratosaurus, 106-7 
Procompsognathus triassicus, 64 
Prosaurolophus, 460 
Prosauropoda, 297 
Protoceratops, 490, 491, 508, 509 
Protohadros, 435, 438, 458 
Protopteryx, 224-25 
Pseudolagosuchus, 297 
Psittacosaurus, 490, 491 
Quaesitosaurus, 297, 303 
Rahonavis, 223, 224 
Rapetosaurus, 313 

Rayososaurus, 297, 304 
Rebbachisaurus, 304 

Rhabdodon, 432 

Rhoetosaurus, 299 

Ricardoestesia gilmorei, 108 
Rinchenia mongoliensis, 180, 181 
Riojasaurus, 249, 250 
Rocasaurus, 313 

Ruehleia, 249 

Saichania, 388, 389 
Saltasauridae, 297 

Saltasaurus, 249, 297, 302, 309, 314 
Santanaraptor placidus, 133 
Saturnalia, 249, 250 

Saurischia, 21-22, 40, 40, 40-44 
Saurolophus, 459 

Sauropelta, 388, 390 
Saurophaganax, 102-3 

sauropod, 259 

Sauroposeidon, 309 
Saurornithoides, 94, 193-94, 194 
Saurornitholestes langstoni, 206, 207, 208 
Scelidosaurus, 341-42, 342 
Scipionyx, 105-6 

Scutellosaurus, 332, 341-42, 342 
Segisaurus halli, 68 

Segnosaurus, 151, 160, 162 
Seismosaurus, 305 

Sellosaurus, 249, 250 
Shamosaurus, 388, 388-89 
Shanyangosaurus niupanggouensis, 108 
Shenzhousaurus, 139, 147, 148 
Shunosaurus, 249, 249, 296, 297, 301 
Shuvosaurus, 146 

Shuvuuia, 94, 224 
Siamotyrannus, 101 

Silvisaurus, 388, 390 

Sinornis, 224 

Sinornithoides youngi, 194, 194 
Sinornithomimus, 147-48 
Sinornithosaurus, 207, 207 
Sinosauropteryx, 104-5 
Sinovenator, 194, 194 

Sinraptor, 94, 99-102 
Spinosauridae, 94-95 
Spinosaurus, 97-98 
Staurikosaurus, 94, 249 
Stegoceras, 474, 474, 490 
Stegosaurus, 356-58 


Stenopelix, 474, 474-75 
Stokesosaurus, 111, 114, 128 
Struthiomimus, 94, 146-48, 148 
Struthiosaurus, 390 
Stygimoloch, 474, 474-75 
Styracosaurus, 508-9, 509 
Suchomimus, 94, 97-98 
Supersaurus, 305 
Syntarsus, 68, 94 
“Szechuanosaurus” zigongensis, 94-95 
Talarurus, 388, 389 
Tangvayosaurus, 311 
Tanius, 457 
Tarascosaurus, 67 
Tarbosaurus, 127, 130-32 
Tarchia, 388, 389 
Tatisaurus, 342 
Tawasaurus, 332 
Technosaurus, 325, 332, 332, 333 
Tehuelchesaurus, 297, 301 
Telmatosaurus, 457-58 
Tendaguria, 299 
Tenontosaurus, 432 
Tetanurae, 78 
Tetrapods, 8-9, 9 
Thecodontosaurus, 249, 250 
Therizinosaurus, 151, 160, 160-61 
Thescelosaurus neglectus, 409, 410 
Tianzhenosaurus, 388, 388, 389 
Titanosauria, 297 
Titanosauriformes, 297 
Titanosaurus, 259, 297, 312-13 
Tochisaurus nemegtensis, 194 
Tornieria, 305 
Torosaurus, 508-9, 509 
Torvosaurus, 64, 94-96 
Triceratops, 490, 491, 494, 507-9, 509 
Trimucrodon, 332 
Troodon, 94 
Troodon formosus, 193-94, 194 
troodontid, 194 
Tsagantegia, 388 
Tsintaosaurus, 458-59 
Tugulusaurus faciles, 108 
Tuojiangosaurus, 357 
Tylocephale, 474, 474 
tyrannosauroid, 127, 128, 130-32 
Tyrannosaurus, 130-31 
Tyrannosaurus rex, 107, 127 
Udanoceratops tschizhovi, 491 
Unenlagia comahuensis, 207, 208 
Utahraptor ostrommaysi, 206, 207, 208 
Valdoraptor oweni, 109 
Velociraptor, 179, 180, 206, 207, 208 
Venenosaurus, 311 
Volkheimeria, 299 
Vorona, 224, 224 
Vulcanodon, 249, 249, 250, 296, 297 
Wannanosautrus, 474, 474 
Wuerhosaurus, 356-58 
Xenotarsosaurus bonapartei, 66 
Xiaosaurus, 332 
Xuanhanosaurus qilixiaensis, 95 
Yandusaurus multidens, 410 
Yangchuanosaurus, 94, 99-100, 102 
Yaverlandia, 474-75 
Yimenosaurus, 249 
Yunnanosaurus, 249, 252, 315 
Zalmoxes, 432, 434 
Zephyrosaurus, 408, 409, 410 
Zuniceratops, 491-92, 508-9, 509 
Physiology 
dinosaurian, 660-71 
hypotheses about, 662 
methods for, 662 
transformational approach to, 664-66 


dromaeosaurid, 209 
of nonavian dinosaurs, 643-59 
Phytodinosauria, 332 
Phytosauria, 9, 16, 18 
Phytosauridae, 8, 10-11, 14-15 
Piedmont, dinosaur distribution in, 642 
Plantar, definition, 3 
Plants, 462. See also Angiosperms 
and dinosaurs, coevolution, 615-20, 619, 
626 
diversity, 615, 619, 626 
evolution, 615, 619, 626 
fruiting, 615, 618 
Mesozoic, cladogram, 618 
at or near Cretaceous-Tertiary (K/T) 
boundary, record for, 682 
seed, 615, 618 
vascular, 615, 618 
Plateosauria, 251 
Plateosauridae, 233, 252 
Pleurocoels 
ceratosaur, 47, 55, 64 
tetanuran, 84 
Pleurokinesis, 618 
Podokesauridae, 64 
Poposauridae, 8, 16 
Postorbital 
ankylosaurian, 373 
ceratopsian, 483 
ceratopsid, 498-500 
ceratosaurid, 51, 53 
dromaeosaurid, 200 
hadrosaurid, 448 
ornithischian, 327 
ornithomimid, 139-40 
ornithopodan, 400 
pachycephalosaurian, 469 
prosauropod, 238 
sauropod, 275 
stegosaurian, 346 
tetanuran, 81 
thyreophoran, 337 
troodontid, 188 
tyrannosaurid, 116-17 
Posture. See Neck function and posture; 
Stance 
Prearticular 
ankylosaurian, 378 
hadrosaurid, 452 
therizinosauroid, 154 
tyrannosaurid, 119 
Predation. See also Carnivory 
dromaeosaurid, 208-9 
by dromaeosaurids, 196 
on Iguanodon, 110 
by Saurischia, 45-46 
by Tetanurae, 109 
by theropods, 621-23 
troodontid, 194 
Predentary 
ankylosaurian, 378 
ceratopsian, 486 
hadrosaurid, 451 
iguanodontian, 422 
ornithischian, 328 
ornithopodan, 401 
stegosaurian, 349 
Prefrontal 
ankylosaurian, 371-72 
ceratopsian, 483 
ceratopsid, 498 
hadrosaurid, 445 
ornithischian, 327 
ornithopodan, 400 
oviraptorosaurian, 169 
prosauropod, 238 
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Prefrontal (continued) 
sauropod, 275 
tetanuran, 80-81 
therizinosauroid, 154 
thyreophoran, 337 
tyrannosaurid, 117 
Premaxilla 
abelisaurid, 52 
ankylosaurian, 368-69 
Archaeopteryx, 210 
in Avialae, 216-17 
ceratopsian, 478-80 
ceratopsid, 497 
Ceratosaurus, 52 
coelophysoid, 52 
dromaeosaurid, 197-99 
hadrosaurid, 443 
iguanodontian, 417 
neoceratosaur, 52 
ornithischian, 326-27 
ornithomimid, 139 
ornithopodan, 397 
oviraptorosaurian, 168-69 
pachycephalosaurian, 468-69 
sauropod, 274 
sauropodan, 321 
stegosaurian, 346 
tetanuran, 79 
therizinosauroid, 153 
thyreophoran, 335 
troodontid, 187 
tyrannosaurid, 116 
Prepubic process, Homalocephale calathocercos, 
472 
Presphenoid, ankylosaurian, 377 
Prestosuchidae, 8, 10-11, 13-14, 16 
Prestosuchus, 14 
Proatlas. See also Vertebrae 
sauropod, 279 
Procompsognathidae, 64 
Procompsognathinae, 64 
“Proctor Lake hypsilophodont,” 396 
Prolacertiformes, 9 
Prootic 
ankylosaurian, 376-77 
ceratopsian, 486 
iguanodontian, 421 
prosauropod, 241 
sauropod, 277-78 
tyrannosaurid, 117 
Prosauropoda, 232-58, 234, 250 
age, 232-33 
anatomy, 237-49 
biogeography, 46, 254 
braincase, 240-41 
cladogram, 249 
cranial anatomy, 238-40 
definition, 233-37 
dentition, 241, 244 
diagnosis, 233-37 
evolution, 249-54 
femur, 246-47 
forelimb, 245 
herbivory in, 616-17, 617-18, 619 
adaptations for, 616 
hindlimb, 246-47 
mandible, 237-43, 238-40 
manus, 244-45 
monophyly, 1 
nomina dubia, 236 
occurrence, 232 
paleobiology, 255-58 
paleoecology, 255-58, 626 
pectoral girdle, 245 
pelvic girdle, 246-47 
pes, 246-47 
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provenance, 232-33 
sacrum, 244 
size, 232, 233 
skeleton, 233 
appendicular, 244-47, 247-49 
axial, 233, 242, 244, 244-47 
postcranial, 233, 242, 243-49, 244-47 
skull, 237-43, 238-41 
systematics, 249, 249-54, 332 
taphonomy, 254-55 
unnamed, 234 
vertebrae, 242, 244 
Proterochampsidae, 10-11, 13-14, 16 
Proterosuchia, 10 
Proterosuchidae, 9-11 
Protoceratopsidae, 490 
anatomy, 493 
biogeography, 493 
systematics, 491 
Protosauria, 9-10 
Proximal direction, definition, 3 
Pseudosuchia, 9-10 
Psittacosauridae, 479 
age, 478, 492 
anatomy, 478-90 
biogeography, 492-93 
dentition, 492 
diagnosis, 490 
gastroliths, 492 
occurrence, 478, 492 
paleoecology, 492-93 
skeleton, 481 
skull, 484 
stratigraphy, 492-93 
systematics, 478, 490-92 
taphonomy, 492-93 
Pteridophytes, 615, 618, 618 
Pterodactyloidea, 13 
Pterosauria, 8-11, 13, 15, 17-18 
apomorphy-based definition, 13 
Pterygoid 
ankylosaurian, 375-77 
ceratopsian, 486 
ceratopsid, 501 
ceratosaurid, 53-54 
hadrosaurid, 451 
iguanodontian, 419-20 
ornithomimid, 142 
oviraptorosaurian, 171 
pachycephalosaurian, 469 
prosauropod, 240 
sauropod, 276 
tetanuran, 83 
therizinosauroid, 154 
tyrannosaurid, 118 
Pubis 
in Avialae, 219 
Brachiosaurus brancai, 291 
ceratopsian, 489 
ceratopsid, 505 
ceratosaur, 60-61 
Dicraeosaurus sattleri, 291 
dromaeosaurid, 204 
hadrosaurid, 456 
Herrerasaurus, 654 
iguanodontian, 430 
ornithischian, 331 
ornithomimid, 144-45 
ornithopodan, 407 
pachycephalosaurian, 471, 473 
prosauropod, 248 
retroversion, 654 
of Saurischia, 33-36 
sauropod, 290-91 
stegosaurian, 354 
tetanuran, 90 


theropod, 653 

thyreophoran, 340 

tyrannosaurid, 124 
Pygostyle 

Nomingia, 182 

Nomingia gobiensis, 172 
Pygostylia, 224 


Quadrate 
ankylosaurian, 376-77 
Archaeopteryx, 210, 216 
ceratopsian, 486 
ceratopsid, 500-501 
ceratosaurid, 51, 53 
dromaeosaurid, 200 
ornithischian, 327 
ornithomimid, 140 
ornithopodan, 400 
pachycephalosaurian, 469 
sauropod, 276 
stegosaurian, 346-47 
tetanuran, 81-82 
thyreophoran, 337-38 
tyrannosaurid, 118 

Quadratojugal 
ankylosaurian, 373-74 
Archaeopteryx, 216 
ceratopsian, 483 
ceratosaurid, 51, 53 
dromaeosaurid, 200 
hadrosaurid, 448 
ornithischian, 327 
ornithomimid, 140 
ornithopodan, 400 
oviraptorosaurian, 170 
pachycephalosaurian, 469 
prosauropod, 240 
tetanuran, 81-82 
thyreophoran, 337-38 

Quadratus, hadrosaurid, 449 

Quartz, shocked, 674 


Radius. See also Forelimb 
ankylosaurian, 383-84, 385 
Apatosaurus excelsus, 289 
in Avialae, 218 
Centrosaurus apertus, 506 
ceratosaur, 59 
Chasmosautus belli, 506 
dromaeosaurid, 204 
Gallimimus bullatus, 144 
hadrosaurid, 454 
iguanodontian, 429 
Ingenia yanshini, 176 
Leptoceratops gracilis, 488 
ornithischian, 330 
ornithomimid, 143 
ornithopodan, 405 
pachycephalosaurian, 473 
prosauropod, 247 
Sauropelta edwardsorum, 385 
sauropod, 289-90 
Sinornithoides youngi, 191 
stegosaurian, 354 
Stegosaurus, 352 
thyreophoran, 340 
Torvosaurus tanneri, 88 
Triceratops horridus, 506 
tyrannosaurid, 124 
Tyrannosaurus rex, 124 

“Rauisuchia,” 10-11, 13-14, 16, 18 

Rauisuchidae, 8, 10 

Rebbachisauridae, 263, 303-4 

Reproduction, 669-70 
sauropodan, 320-21 
troodontid, 195 


Rhamphotheca, 218 
Lesothosaurus, 333-34 

Rhynchosauria, 9-11 

Rhyncocephalia, 9 

Ribs, 650. See also Gastralia 
ankylosaurian, 382 
ceratopsian, 487-88 
ceratosaur, 56-57 
dromaeosaurid, 202-3 
hadrosaurid, 453 
iguanodontian, 426-28 
Kentrosaurus aethiopicus, 360 
ornithischian, 330 
ornithomimid, 143 
ornithopodan, 404 
oviraptorosaurian, 175 
pachycephalosaurian, 471, 475 
pneumatized, 651 
prosauropod, 246 
sauropod, 282-83, 285 
Spinosaurus aegyptiacus, 98 
stegosaurian, 353, 360 
tetanuran, 84-85 
thyreophoran, 339 

Rostral 
ceratopsian, 478 
ceratopsid, 497 

Rostral direction, definition, 3 


Sacropelvic region, Homalocephale 
calathocercos, 472 

Sacrum 
Allosaurus fragilis, 91 
ankylosaurian, 382, 388 
Archaeornithomimus asiaticus, 145 
Carnotaurus sastrei, 57 
Centrosaurus apertus, 504 
ceratopsid, 505 
ceratosaur, 57 
Chungkingosaurus, 351 
Dacentrurus, 351 
hadrosaurid, 453 
Huayangosaurus, 351 
Kentrosaurus, 351 
Montanoceratops cerorhynchus, 488 
Opisthocoelicaudia skarzynskii, 285 
ornithischian, 330 
ornithomimid, 142 
ornithopodan, 404 
oviraptorosaurian, 174 
pachycephalosaurian, 471 
prosauropod, 246 
of Saurischia, 31, 32 
sauropod, 283-85 
stegosaurian, 353, 360 
Stegosaurus, 351 
Syntarsus rhodesiensis, 57 
tetanuran, 85 
thyreophoran, 339 
Triceratops horridus, 504 
troodontid, 191 
Tuojiangosaurus, 351 
tyrannosaurid, 121, 122, 125 
Tyrannosaurus rex, 122, 125 
Wuerhosaurus, 351 

Saltasauridae, 270 
systematics, 313 

Saurischia, 1, 8-9, 13, 21-24, 26 
age, 25 
anatomy, 25-40 


nomina dubia, 26 

pectoral girdle, 34 

pelvis, 35 

pes, 39 

skull, 29 

tarsus, 39 

vertebral column, 31-32 
behavior, 44-45 
biogeography, 45-46 
cladistic analysis, 21-22 
cladogram, 22 
definition, 16, 21, 25 
dentary, 30 
dentition, 30, 45 
diagnosis, 25 
evolution, 40-44 
forelimb, 45 
function, 44-45 
herbivory in, 620 
incertae sedis, 26 
mandible, 28-30 
material, 25-28 
occurrence, 25 
paleoecology, 45-46, 620 
and plants, coevolution, 617, 619 
provenance, 21, 25 
Sedis Mutabilis, 2 
skeleton 

appendicular, 33-40 

axial, 30-33 

postcranial, 30-40 
skull, 28-30 
stem-based definition, 21, 25, 41-42 
systematics, 8, 40-44, 151, 332 
taxonomy, 25 
unnamed clade, 26 

Sauropoda, 1, 259-324, 261 
anatomy, 273-95, 274, 277, 279, 281, 
283-89, 291, 293-96 

armor, 295 
astragalus, 295 
basal, 297 

unnamed, 262 
cladistic analysis, 295-97 
cladogram, 297 
definition, 259 
dentition, 279, 618 
diagnosis, 259 
eggs, 670 
evolution, 295-314 
femur, 293 
fibula, 294 
forelimb, 287, 289 
herbivory in, 618, 619 

adaptations for, 616 
historical review, 259-73 
incertae sedis, 261, 298 
integument, 295 
mandible, 273-79, 274 
material, 259 
nomina dubia, 270-71 
paleobiology, 314-22 


paleoecology, 314-22, 618, 622, 625-26 


pectoral girdle, 287 
pelvis, 291 

pes, 296 
provenance, 259-73 
sexual maturity, 321 
size, 259, 260 
skeleton, 260 


sternal plate, 288 
systematics, 259, 295-314, 297 
taphonomy, 314-22, 611-12 
tibia, 294 
trackways, 625 
vertebrae, 651 
caudal cervical, 281 
caudal dorsal, 283 
cranial dorsal, 284 
proximal caudal, 286 


Sauropodomorpha, 40, 234, 249, 261, 273 


age, 46 
anatomy, 650 
biogeography, 46 
diagnosis, 21 
occurrence, 46 
stem-based definition, 21 
systematics, 8, 41, 151 
Saurornithoididae. See Troodontidae 
Scapula 
Alamosaurus sanjuanensis, 287 
ankylosaurian, 383, 384 
Archaeopteryx, 210 
in Avialae, 218, 223 
ceratopsian, 489 
ceratopsid, 505 
Euoplocephalus tutus, 384 
iguanodontian, 428 
Omeisaurus tianfuensis, 287 
ornithischian, 330 
ornithomimid, 143 
ornithopodan, 405 
oviraptorosaurian, 175 
prosauropod, 247 
Sauropelta edwardsorum, 384 
sauropod, 287 
stegosaurian, 354 
Stegosaurus, 352 
Styracosaurus albertensis, 506 
tetanuran, 87 
therizinosauroid, 156 
thyreophoran, 339 
tyrannosaurid, 122 
Scapulocoracoid 
Acrocanthosaurus atokensis, 87 
Centrosaurus apertus, 506 
ceratosaur, 58 
Chasmosaurus mariscalensis, 506 
dromaeosaurid, 203 
Gallimimus bullatus, 144 
Ingenia yanshini, 172 
Leptoceratops gracilis, 488 
Pentaceratops, 506 
Sinornithoides youngi, 191 
Sinornithosaurus millenii, 197 
Struthiomimus altus, 144 
Triceratops horridus, 506 
Scavenging, 109 
Sclerotic rings 
ceratopsian, 487 
ceratopsid, 503 
hadrosaurid, 452 
ornithopodan, 403 
oviraptorosaurian, 173 
prosauropod, 243 
sauropod, 279 
Segnosauria, 2, 151, 160. See also 
Therizinosauroidea 
herbivory in, adaptations for, 616 
systematics, 332 


basal, 25-46 appendicular, 287, 287-95, 288-89, 291, Segnosauridae, 151, 160 
body silhouettes, 27 293-96 Segnosaurischia. See Therizinosauroidea 


crus, 38 axial, 279-87, 281, 283-86 Semicircular canals 
femur, 36-37 postcranial, 260, 279-95, 281, 283-89, dromaeosaurid, 201 
forelimb, 34 291, 293-96 Plateosaurus, 238 


mandible, 29 skull, 273-79, 274, 277 Semilunate bone, dromaeosaurid, 204 
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Sesamoids, ankylosaurian, 385 
Sexual dimorphism. See also Dimorphism 
ceratopsian, 492 
ceratopsid, 508, 512 
hadrosaurid, 463 
Pachycephalosaurus, 476 
prosauropod, 257 
Protoceratops, 478, 492 
Protoceratops andrewsi, 492 
Protoceratops hellenikorhinus, 492 
Stegoceras validum, 476 
stegosaurian, 360 
Stygimoloch, 476 
tyrannosaurid, 123, 130 
Tyrannosaurus rex, 130 
Sexual display. See also Cranial 
ornamentation 
ceratopsid, 512 
pachycephalosaurian, 476-77 
stegosaurian, 360-62 
Sexual maturity, sauropodan, 321 
Shoulder girdle. See also Pectoral girdle 
troodontid, 191 
“Signor-Lipps effect,” 679 
Simpson index of faunal similiarity (S), 629 
Sinraptoridae, 74, 102 
age, 109 
occurrence, 109 
systematics, 94, 102 
Sinuses, paranasal, ankylosaurian, 378, 392 
Size 
Achillobator giganticus, 196, 207 
Albertosaurus arctunguis, 131 
Albertosaurus sarcophagus, 111 
Ammosaurus major, 251 
Anchisaurus polyzelus, 250 
Ankylosaurus magniventris, 390 
Atlasaurus, 320 
Avimimus, 183 
Barapasaurus, 320 
Caenagnathasia, 182 
Carnotaurus, 69 
Caudipteryx, 183 
Compsognathus, 71 
Daspletosaurus torosus, 111 
Dilophosaurus, 50 
Dryosaurus, 413 
Edmontosaurus regalis, 462 
Eoraptor, 46 
Gargoyleosaurus parkpinorum, 388 
Giganotosaurus, 71 
Gojirasaurus quayi, 68 
Gorgosaurus libratus, 111 
hadrosaurid, 462 
Herrerasaurus, 45 
Hypacrosaurus altispinus, 462 
Hypacrosaurus stebingeri, 462 
Iguanodon bernissartensis, 413 
Ingenia, 182 
Jingshanosaurus xinwaensis, 252 
Lessemsaurus sauropoides, 251 
Lufengosaurus huenei, 252 
Lurdusaurus, 413 
Magyarosaurus, 321 
Maiasaura peeblesorum, 462 
Masiakasaurus knopfleri, 67 
Mellisuga hellene, 21 
Microraptor, 21 
Microraptor zhaoianus, 208 
Microvenator, 182 
Minmi, 388 
Mussaurus patagonicus, 252 
Nanshiungosaurus brevispinus, 162 
oviraptorosaurian, 165, 183 
Panoplosaurus mirus, 390 
Protoceratops hellenikorhinus, 490-91 
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Psittacosaurus, 492 
Psittacosaurus mongoliensis, 492 
Saturnalia, 46 

Saturnalia tupiniquim, 250 
sauropod, 259, 271, 315, 318 
sauropodan, 320 
Saurornithoides junior, 193 
Segisaurus, 69 

Seismosaurus, 305 

Sellosaurus gracilis, 253 
Shantungosaurus giganteus, 462 
Sinornithosaurus millenii, 208 
Spinosaurus, 21 

Staurikosaurus, 45 

Stegosaurus, 359 

Stegosaurus longispinus, 359 
Stokesosaurus clevelandi, 128 
Tarbosaurus bataar, 111 
Thecodontosaurus antiquus, 250 
Tianzhenosaurus youngi, 389 
Troodon formosus, 193 
Tuojiangosaurus multispinus, 359 
tyrannosaurid, 111-14, 128, 132-33, 135 
Tyrannosauroidea, 111 
Tyrannosaurus, 21 
Tyrannosaurus rex, 111, 132 
Utahraptor ostrommaysi, 196, 208 
Wuerhosaurus homheni, 359 
Wuerhosaurus ordosensis, 359 
Yunnanosaurus huangi, 252 


Skeletochronology, 656-58 
Skeleton 


Abrictosaurus consors, 406 

Achillobator, 202-6, 203 

Acrocanthosaurus, 84, 86, 88-90, 88-90, 92, 
93 

Adasaurus, 204, 206, 209 

Aeolosaurus, 286 

Afrovenator, 84, 89-90, 91 

Agilisaurus louderbacki, 403-5, 407-8 

‘Agilisaurus” multidens, 403-8 

Agnosphitys, 33, 39 

Alamosaurus, 284-85, 288, 290, 292 

Albertosaurus, 119, 121-24 

Alectrosaurus, 119 

Alioramus, 119 

Aliwalia, 37-38 


Allosaurus, 58, 61, 84-85, 85, 88-93, 91-92, 


122 
Altirhinus, 428-30 
Alwalkeria, 30-33, 37-39 
Alxasaurus, 156, 156-58, 161-62 
Amargasaurus, 282 
Ammosaurus, 243-49, 247 
Anchiceratops ornatus, 503, 505 
Anchisaurus, 243-49, 245, 247 
ankylosaurian 
appendicular, 381, 383-87, 384-86 
axial, 379-83, 380-82 
postcranial, 379-87, 380-82, 384-86 
Ankylosaurus, 380 
Anserimimus, 143-44 
Apatosaurus, 260, 279-80, 282-85, 288, 
290, 317 
appendicular. See Forelimb; Hindlimb; 
Pectoral girdle; Pelvis 
Apsaravis, 223 
Archaeoceratops oshimai, 482 
Archaeopteryx, 191, 204, 217, 218-20 
Archaeornithomimus, 142-44, 145, 148 
Avaceratops lammersi, 505 
Avimimus, 175-78, 181 
Bactrosaurus, 456 
Bagaraatan, 119, 128 
Bahariasaurus ingens, 85, 91-92 
Bambiraptor, 204, 204, 206 


Barapasaurus, 279, 282-83, 287, 290, 292 

Barosaurus, 279, 281-83, 285-86 

Barsboldia, 453 

Baryonyx, 82-83, 84, 86-87, 87-88, 89-90 

Beipiaosaurus, 156-58, 157, 161 

Blikanasaurus, 292-94 

Brachiosaurus, 260, 279-80, 282-84, 288, 
290, 292, 317-18 

Brachyceratops montanensis, 505-6 

“Brachyceratops montanensis,” 505 

Brachylophosaurus, 453-54, 456-57 

Bugenasaura, 405 

Byronosaurus jaffei, 191 

Camarasaurus, 279-80, 282, 284-85, 
287-90, 293 

Camelotia, 243-49 

Camposaurus arizonensis, 63 

Camptosaurus, 425-26, 427, 428-32 

Carcharodontosaurus, 92 

Carnotaurus, 55-61, 57, 59-60 

Caudipteryx, 175-78, 181, 218, 220 

Centrosaurus, 503, 505 

Ceratosaurus, 55-63, 59-62, 66, 84 

Cetiosaurus, 280, 282-83, 285, 290, 317 

Chaoyangia, 223 

Chasmosaurus, 503, 505-6 

Chialingosaurus, 350-55 

Chilantaisaurus tashuikouensis, 89, 92-93 

Chindesaurus, 30-39 

Chirostenotes, 175-78, 182 

Chungkingosaurus, 350-55, 360 

Citipati, 178, 182 

Claosaurus, 457 

Coelophysis, 55-58, 59-60, 60, 63, 87, 218 

Coelurus, 89-90 

Compsognathus, 84, 85, 88 

Conchoraptor, 173-74, 177-78, 182 

Confuciusornis, 218, 220, 221 

Corythosaurus, 455, 456 

Dacentrurus, 346, 350-55 

Daspletosaurus, 119, 122-24 

Deinonychus, 192, 196, 197, 201-6, 203, 
205, 218-19 

Dicraeosaurus, 279-82 

Dilophosaurus, 55, 58, 58-59, 61-63, 63 

Diplodocus, 279-86, 288 

Dravidosaurus, 350-55 

Dryosaurus, 425-26, 426, 428-29, 432 

Dryptosaurus, 119, 123-24 

Dryptosaurus aquilunguis, 129 

Edmontonia, 379-87 

Edmontosaurus, 453 

Elaphrosaurus, 55, 56, 57-63, 60, 62, 66, 
125 

Emausaurus, 339 

Enigmosaurus, 157, 158 

?Eobrontosaurus, 283 

Eolambia, 429 

Eoraptor, 30-39 

Eotyrannus, 119, 120, 121-24, 129 

Erliansaurus, 156-57, 163 

Erlikosaurus, 156, 158, 159, 161 

Euhelopus, 279-80, 288, 300 

Euoplocephalus, 379-87 

Euskelosaurus, 243-49 

Eustreptospondylus, 84, 92 

Fulgurotherium australe, 407 

Gallimimus, 142-45, 144-45 

Garudimimus, 142-45 

Gasparinisaura cincosaltensis, 403-5, 407-8 

Giganotosaurus, 84, 90 

Gojirasaurus, 58, 61 

Gorgosaurus, 119, 121-24 

Goyocephale lattimorei, 464, 471-73, 472 

Gryposaurus, 453-54, 455, 456-57 

Guaibasaurus, 30-40 


“Gyposaurus” capensis, 247-48 
“Gyposaurus” sinensis, 243-44, 246, 248-49 
Haplocanthosaurus, 280-82, 284-85 
Harpymimus, 142-45, 144-45 
Herrerasaurus, 30-40, 62 
Hesperornis, 223 
Hesperosaurus, 350-55 
Heterodontosaurus, 329, 331, 403-8, 404, 412 
Homalocephale calathocercos, 464, 471-73, 
472 
Huayangosaurus, 346, 350-55 
Hylaeosaurus, 383, 387 
Hypacrosaurus, 453-54 
Hypsilophodon, 403-8, 404, 425, 428 
Iguanodon, 425-26, 427, 428-30, 456-57 
iguanodontian, 426-27 
appendicular, 428-32, 429-31 
axial, 425-28, 425-28 
postcranial, 425-31, 425-32 
Iliosuchus incognitus, 90 
Tlokelesia, 55, 58 
Ingenia, 174-75, 176, 176-78, 182 
Jingshanosaurus, 243-49, 244 
Jobaria, 283, 288 
Kentrosaurus, 346, 350-55 
Khaan, 182 
Kotasaurus, 283, 287 
Labocania anomala, 133 
Lambeosaurus, 456 
Lapparentosaurus, 2892 
Leaellynasaura amicagraphica, 407 
Leptoceratops gracilis, 482, 503 
Lesothosaurus, 329-31, 329-32, 334 
Lessemsaurus, 242, 243-44 
Lexovisaurus, 346, 351-55 
Liaoningosaurus, 383, 385, 387 
Liliensternus, 58, 60, 61-63 
Lourinhanosaurus, 86, 90 
Lufengosaurus, 243-49 
Lurdusaurus, 428-29 
Magyarosaurus, 321 
Maiasaura, 453-54 
Majungatholus, 55-58, 60, 60-61 
Mamenchisaurus, 279-80, 282, 284-85, 
287-88, 290, 295, 317 
Marasuchus, 14 
Masiakasaurus, 55, 59, 61, 63, 63 
Massospondylus, 242, 243-49, 244-45 
Melanorosaurus, 244 
Micropachycephalosaurus hongtuyanensis, 
471, 473 
Microraptor, 203-4 
Microvenator, 182-83, 206 
Minmi, 386 
Monkonosaurus, 351-55 
“Monoclonius nasicornis,” 503, 505 
Monolophosaurus, 84, 86, 90, 91 
Montanoceratops, 487-88, 488 
Mussaurus, 233 
Muttaburrasaurus langdoni, 428 
Mymoorapelta, 385 
Nanshiungosaurus, 156-57, 158, 162 
Neimongosaurus, 156-58, 161-63 
Neovenator, 84, 92-93 
Neuquensaurus, 285-87 
Niobrarasaurus, 387 
Noasaurus, 55 
Nodosaurus, 387 
Nomingia, 175, 177-78, 182 
Nothronychus, 156-58, 161 
Notohypsilophodon comodorensis, 40, 405 
Nqwebasaurus, 89, 107, 107 
Omeisaurus, 279-80, 283-85, 287-88, 290, 
292, 294, 317 
Opisthocoelicaudia, 278, 282, 284-85, 
288-90, 292, 314 


“Ornithodesmus” cluniculus, 202 
Ornitholestes, 84, 88-89 
Ornithomimus, 142-45, 143-44 
Ornithomimus edmontonicus, 143 
ornithopodan, 404 
appendicular, 404, 405-8, 406-7 
axial, 403-5, 404 
postcranial, 403-8, 404, 406-7 
Orodromeus makelai, 403-8 
Othnielia rex, 403-5, 407-8 
Ouranosaurus, 426-27, 427, 428-29, 432 
Oviraptor, 177 
Panoplosaurus, 379-87 
Parasaurolophus, 456 
Parksosaurus warreni, 403-5, 407-8 
Patagopteryx, 223 
Patagosaurus, 282-83, 290, 292 
Pawpawsaurus, 383 
Pentaceratops, 503, 505 
Phuwiangosaurus, 282 
Piatnitzkysaurus, 84, 88, 90-92 
Pinacosaurus, 379-87 
Pisanosaurus, 331-32 
Planicoxa venenica, 429 
Plateosaurus, 233, 242, 243-49, 245-46 
pneumatized, 21 
oviraptorosaurian, 167 
Poekilopleuron, 86 
Polacanthus, 379-87 
Prenocephale prenes, 471, 473 
Probactrosaurus, 428-29 
Procompsognathus triassicus, 61 
Prosaurolophus, 456-57 
Protarchaeopteryx, 218 
Protoceratops andrewsi, 482, 488 
Psittacosaurus, 481, 487-90 
Rahonavis, 206, 222 
Rapetosaurus, 284 
Rayososaurus, 287 
Rhabdodon priscus, 408 
Rinchenia, 174, 177-78, 182 
Riojasaurus, 233, 243-49, 245, 247 
Ruehleia, 244 
Saltasaurus, 278, 284-87, 289, 313 
Saltopus, 30-33, 38 
Saturnalia, 38, 243-49 
Saurolophus angustirostris, 453-54 
Sauropelta, 379-87 
Saurophaganax, 86, 90 
Saurornithoides, 191-92 
Saurornitholestes, 201-3 
Scelidosaurus, 339-41, 340 
Scipionyx, 84, 87-88, 106 
Scleromochlus, 14 
Scutellosaurus, 339-41, 340 
Secernosaurus, 456 
Segisaurus, 58, 61, 87 
Segnosaurus, 156, 156-58, 158-59, 161 
Sellosaurus, 243-49, 244 
“Shanshanosaurus houyanshanensis,” 84 
Shenzhousaurus, 142, 144-45 
Shunosaurus, 260, 280, 282-83, 285, 
287-88, 290, 294-95 
Siamotyrannus, 86 
Sinornis, 222 
Sinornithoides youngi, 189-91, 190-91 
Sinornithomimus, 143-44 
Sinornithosaurus, 197, 202-4, 219 
Sinosauropteryx, 84, 88-89, 89, 105, 105 
Sinovenator changii, 191-93 
Sinraptor, 84, 86-87, 92-93 
Spondylosoma, 30, 32-33 
Staurikosaurus, 30-39 
Stegoceras validum, 471, 473 
Stegopelta landerensis, 379 
Stegosaurus, 346, 351-55, 359-60 


Stenopelix valdensis, 471, 473 
Stokesosaurus, 124 
Struthiomimus, 142-45, 144-45, 147 
Struthiosaurus, 379-87 
Stygimoloch spinifer, 471 
Styracosaurus albertensis, 503, 505 
Suchomimus, 84, 85 
Syntarsus, 56, 56-57, 57, 58, 58, 60, 60-61, 
61-62, 62-63, 63, 87 
“Szechuanosaurus” zigongensis, 88-90, 92 
Talarurus, 383, 387 
taphonomic analyses, 610 
Tarbosaurus, 119, 122-24 
Telmatosaurus, 454 
Tenontosaurus, 425-26, 426, 428-30, 432 
Thecodontosaurus, 233, 243-49, 245 
Therizinosaurus, 156, 156-57, 161-62 
Thescelosaurus neglectus, 403-5, 407 
Titanosaurus indicus, 286 
Torosaurus, 505 
Torvosaurus, 59, 61, 84, 88, 88, 90, 91 
Triceratops, 503, 505 
Troodon, 84, 189-92, 190, 193 
troodontid 
appendicular, 191-92, 191-92 
axial, 189-91, 190 
postcranial, 189-92, 190-92 
Tuojiangosaurus, 346, 351-55 
Tyrannosauroidea, 120, 129 
appendicular, 122-27, 123-26 
axial, 119-22, 120-22 
postcranial, 119-27, 120 
Tyrannosaurus, 119, 122-24, 126 
Tyrannosaurus rex, 120, 122-23, 126 
Unenlagia, 202-4, 219 
Valdosaurus, 431 
Velociraptor, 192, 201-6, 204, 206, 219 
Velocisaurus unicus, 63-64 
Volkheimeria, 283 
Vulcanodon, 285, 287, 290-91, 293-95 
Wannanosaurus yansiensis, 473 
Wuerhosaurus, 351-55 
Xenotarsosaurus, 61, 62, 63 
Xuanhanosaurus, 87-89 
Yandusaurus hongheensis, 403, 405, 407 
Yangchuanosaurus, 84, 90 
Yimenosaurus, 244 
Yunnanosaurus, 243-49, 245, 247 
Zalmoxes, 408, 428-31 
Skull 
Abelisaurus, 51, 52-53 
Abrictosaurus consors, 393-403 
Abrosaurus, 273 
“Acanthopholis horridus,” 376 
Achelousaurus, 497,498, 500, 502 
Achillobator giganticus, 197 
Acrocanthosaurus, 79-81, 82 
Afrovenator, 79, 80 
Agilisaurus louderbacki, 396-403, 399 
“Agilisaurus” multidens, 397-403 
Agnosphitys, 28 
Alamosaurus, 273 
Albertosaurus, 115-16, 118, 131 
Alectrosaurus olseni, 115-16, 119 
Alioramus, 115, 115, 117-18, 132-33 
Aliwalia, 28 
Allosaurus, 79-84, 81, 82-84, 109, 115-16 
Altirhinus, 417-18, 419, 424-25 
Alwalkeria, 28 
Alxasaurus, 153-54, 155 
Amargasaurus, 273, 276 
Amtosaurus, 376 
Amtosaurus archibaldi, 376 
Anchiceratops, 497, 499, 502 
Anchisaurus, 237-43, 239, 241 
ankylosaurian, 363-79, 369-72, 374-76 
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Skull (continued) 

Ankylosaurus, 368, 370, 371, 374, 375-77, 

390 
occipital view, 376 

Antarctosaurus, 273, 278 

Apatosaurus, 273-79, 274 

Aralosaurus, 444, 445, 448 

Archaeoceratops, 478-87, 485 

Archaeopteryx, 217-18 

Arrhinoceratops brachyops, 499, 500 

Atlasaurus, 273 

Atlascopcosaurus loadsi, 396, 398, 402-3 

Avaceratops, 498, 502 

Avimimus, 167, 168, 169-73, 181 

Bagaceratops, 478, 480-81, 483, 485, 486 

Bagaraatan, 84, 115 

Bambiraptor feinbergorum, 197, 200 

Barapasaurus, 273, 278 

Barosaurus lentus, 273 

Baryonyx, 79-81, 81, 83 

Beipiaosaurus, 153-54 

Brachiosaurus, 273-79, 274, 277 

Brachylophosaurus, 443, 445-46, 446, 
447-49, 452 

Bugenasaura, 396-98, 399, 400-403, 423 

Byronosaurus jaffei, 186, 187-89 

Camarasaurus, 273-79, 274, 277 

Camptosaurus, 417-18, 418, 421-23 

Carcharodontosaurus, 79-81, 116 

Carnotaurus, 51, 52-54 

Caudipteryx, 165-73, 168, 169-70, 172, 181 

Cedarpelta, 368-69, 369, 372-74 

Centrosaurus, 497-98, 498, 501, 503 

ceratopsian, 478-87, 481-85 

Ceratosaurus, 51, 51, 52-54, 54, 69 

Cetiosaurus, 273 

Chanaresuchus, 13 

Chaoyangsaurus youngi, 485 

Chasmosaurus, 497, 499, 500-503 

Chialingosaurus, 343-50 

“Chilantaisaurus” maortuensis, 133 

Chirostenotes, 167, 169-73, 182 

Chungkingosaurus, 343-50, 348 

Citipati, 168, 168, 170, 182 

Coelophysis, 51, 52, 53 

Coloradisaurus, 237-43, 239, 241 

Compsognathus, 79-80 

Conchoraptor, 168, 169-73, 182 

Confuciusornis, 221 

Corythosaurus, 444, 450, 450, 452, 455 

Cryolophosaurus ellioti, 80 

Daspletosaurus, 111, 115, 115-18, 131 

Datousaurus, 273 

Deinonychus, 197, 200, 200, 201 

Diceratops, 502 

Dicraeosaurus, 273, 274, 276 

Dilophosaurus, 52, 52, 52-53, 69 

Diplodocus, 273-79, 274 

Dravidosaurus, 343-50, 348 

Drinker nisti, 396-97, 402-3 

Dromaeosaurus, 197, 200, 200 

Dryosaurus, 327, 413, 417-18, 418, 420, 
421-23, 446 

Dryptosaurus, 115, 119 

Edmontonia, 368, 370, 374-79 

Edmontosaurus, 443-48, 448, 450-52 

Einiosaurus, 497, 498, 500 

Emausaurus, 335-39, 337 

Eolambia, 413, 417-18, 419, 423-25 

Eoraptor, 28, 29 

Eotyrannus, 115-16, 118-19, 129 

Equijubus, 425 

Erlikosaurus, 151, 153, 153-56, 154 

Erythrosuchus, 13 

Eshanosaurus, 154-56, 155 

Euhelopus, 273, 274, 276, 278 
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Euoplocephalus, 369-70, 370, 371, 373, 375, 
377-79 
occipital/basicranial region, 370 
Euparkeria, 13 
Eustreptospondylus, 79 
Fabrosaurus australis, 328 
Frenguellisaurus ischigualastensis, 29 
Gallimimus, 139-41, 141, 142 
Gargoyleosaurus, 368, 370, 375-76, 378-79 
Garudimimus, 139-41, 141, 142 
Gasparinisaura cincosaltensis, 396-403, 399 
Gastonia, 375 
Giganotosaurus, 79-81, 82, 116 
Gilmoreosaurus, 444 
Gobisaurus, 369, 371, 375 
occipital/basicranial region, 375 
Gorgosaurus, 115, 115-18 
Goyocephale lattimorei, 468, 470-71 
Gravitholus albertae, 470 
Gryposaurus, 444-45, 445, 448, 450, 455 
“Gyposaurus” sinensis, 237-43 
Haplocanthosaurus, 273 
Harpymimus, 140, 142 
Herrerasaurus, 28-30, 29 
puncture wounds, 45 
Hesperosaurus, 343-50, 348 
Heterodontosaurus tucki, 393, 396, 397-403 
Homalocephale, 464-71, 466, 477 
Huayangosaurus, 343-50, 348, 360-61 
Hypacrosaurus, 444, 450, 450 
Hypsilophodon, 327, 396-403, 398, 417-18, 
421, 446 
Iguanodon, 413, 417-18, 419-20, 421, 421, 
422, 424, 446-47 
iguanodontian, 413-25, 418, 418-25 
Incisivosaurus, 165-73, 181 
Ingenia, 170, 173 
Irritator, 79, 81 
Jaxartosaurus, 449, 450 
Jingshanosaurus, 237-43, 240 
Jinzhousaurus, 418, 419 
Jobaria, 273 
Kentrosaurus, 343-50, 348 
Khaan, 170 
“Kritosaurus” australis, 450 
Labocania anomala, 133 
Lambeosaurus, 444, 450, 450 
Leaellynasaura amicagraphica, 396, 398, 402 
Leptoceratops, 478-87, 485 
Lesothosaurus, 325-29, 326, 424 
Liaoceratops yanzigouensis, 485 
Liaoningosaurus, 368, 371, 379 
Liliensternus liliensterni, 53 
Lophorhothon, 444, 447, 450 
Lufengosaurus, 237-43, 239 
Lycorhinus angustidens, 396, 398, 401-3 
Maiasaura, 443-44, 446, 446, 447-49, 452 
Majungatholus, 51, 52-53 
Malawisaurus, 273-74 
Mamenchisaurus, 273, 276, 278 
Massospondylus, 237-43, 239-40 
“Megalosaurus” hesperis, 79 
Micropachycephalosaurus hongtuyanensis, 470 
Minmi, 368-69, 369, 371-76 
“Monoclonius nasicornis,” 503 
Monolophosaurus, 79-80, 81, 84, 116 
Mussaurus, 237-43, 239 
Muttaburrasaurus langdoni, 419 
Naashoibitosaurus, 444, 450 
Nanotyrannus lancensis, 116, 118 
Neimongosaurus, 154 
Nemegtosaurus, 273-79, 274 
Neovenator, 79, 82 
Nigersaurus, 273, 278 
Noasaurus, 52-53 
Omeisaurus, 273-79, 274 


Opisthocoelicaudia, 273 

Ornatotholus browni, 468 
Ornitholestes, 79-80, 83, 116 
Ornitholestes hermanni, 83 
Ornithomimus, 139-41, 141, 142 
Ornithomimus edmontonicus, 141 
ornithopodan, 393-403, 396, 398-99 
Ornithosuchus, 13 

Orodromeus makelai, 396-403, 399, 412 
Othnielia rex, 396-97, 402-3 
Ouranosaurus, 418, 419-20, 421, 424, 447 
oviraptorosaurian, 165 
Pachycephalosaurus, 468, 469-71, 477 
Pachyrhinosaurus, 497, 498, 500-503 
Panoplosaurus, 371, 374, 375-79 
Paranthodon, 343-50, 348 
Parasaurolophus, 444, 446-48, 449 
Parasuchus, 13 

Parksosaurus warreni, 396-403, 399 
Patagosaurus, 273, 278 
Pawpawsaurus, 373, 375-77, 379 
Pelecanimimus, 139, 140, 141-43 
Pentaceratops, 494, 499, 500, 502-3 
Phuwiangosaurus, 273 
Piatnitzkysaurus, 79 

Pinacosaurus, 368-69, 369, 370-79 
Pisanosaurus, 327-28 

Piveteausaurus, 79 

Plateosaurus, 237-43, 238, 327 
“Poekilopleuron” valesdunensis, 79, 80, 84, 97 
Polacanthus, 376 

Prenocephale, 464-71, 467, 477 
Probactrosaurus, 413, 417, 419, 422-25 
Proceratosaurus, 79-80 
Prosaurolophus, 444, 447, 447, 449, 451 
prosauropod, 243 

Proterosuchus, 13 

Protoceratops, 478-87, 485, 502 
Protohadros, 413, 417-18, 419, 423-25 
Psittacosaurus, 484, 486 
Quaesitosaurus, 273 

Rapetosaurus, 273 

Rayososaurus, 273-74, 276 
Regnosaurus, 343-50 

Rinchenia, 168, 168, 170, 182 
Riojasaurus, 237-43, 240 

Saichania chulsanensis, 374 
Saltasaurus, 273-74 

Saturnalia, 237-43 

Saurolophus, 444-45, 447, 447, 449-51 
sauropod, 259, 271, 315 
Saurornithoides, 186, 187-89, 193 
Saurornitholestes, 197, 200 
Saurosuchus, 13 

Scelidosaurus, 335-39, 336, 424 
Scipionyx, 79-80 

Scutellosaurus, 335, 338-39 
Segnosaurus, 154-55 

Sellosaurus, 237-43 

Shantungosaurus, 448, 448, 450-51 
Shenzhousaurus, 142 

Shunosaurus, 273-79, 274 

Silvisaurus, 377, 379 

Sinornithoides youngi, 187-89 
Sinornithomimus, 140-42 
Sinornithosaurus millenii, 197 
Sinosauropteryx, 79 

Sinovenator changii, 187-89, 193 
Sinraptor, 79, 79-84 

Stagonolepis, 13 

Stegoceras, 464-71, 467, 469, 477 
Stegosaurus, 343-50, 347-48, 359 
Stokesosaurus, 115 

Struthiomimus, 139-42 

Stygimoloch, 469-70, 477 
Styracosaurus, 497-98, 498, 500 


Suchomimus, 79, 83 

Syntarsus, 51-53, 52, 53, 68, 68 

Talarurus, 371, 373, 376 

Tanius, 444, 450 

Tarbosaurus, 111, 115-19 

Tarchia, 374, 376-78 

Technosaurus, 327, 328 

Telmatosaurus, 424, 443-52, 444, 447, 
449 

Tenontosaurus, 413, 417-18, 418, 420, 
422-23 

Thecodontosaurus, 237-43, 239, 241 

Thescelosaurus, 396-403, 399, 417 

Tianzhenosaurus, 375 

Tornieria, 273, 275-76 

Torosaurus, 494, 497, 499, 502 

Torvosaurus, 79 


Triceratops, 361, 497, 499, 500, 500, 501-3 


Troodon formosus, 187, 188-89, 189 
troodontid, 184-89, 186-87 
Tsagantegia, 369, 374 
Tsintaosaurus, 443-44, 450-51 
Tuojiangosaurus, 344-50, 348 
Tylocephale gilmorei, 468, 469-71 
Tyrannosauroidea, 114-19, 115-18, 129 
Tyrannosaurus, 111, 114-19, 115, 132, 139 
Tyrannosaurus rex, 111, 115, 132, 139 
Udanoceratops, 481, 486 
Utahraptor ostrommaysi, 197 
Velociraptor, 187, 197-201, 199-200, 201 
Vulcanodon, 273 
Wannanosaurus yansiensis, 468, 470-71 
Yandusaurus hongheensis, 396, 402 
Yangchuanosaurus, 79-80 
Yaverlandia bitholus, 468, 470 
Yimenosaurus, 237-43, 240 
Yunnanosaurus, 237-43, 239 
Zalmoxes, 413, 417, 418, 422-23 
Zephyrosaurus schaffi, 396-403, 399, 412 
Soft tissues 
Scipionyx samniticus, 94 
therizinosauroid, 158-59 
Sorenson Coefficient. See Bray-Curtis 
Coefficient 
Sphenosuchia, 10 
Sphenosuchidae, 17 
Spinosauridae, 72 
age, 109 
dentition, 97 
diet, 110 
feeding by, 109-10 
occurrence, 109 
paleobiology, 109-10 
skeleton, 59, 61 
skull, 80, 81 
systematics, 22, 64, 71, 96-97 
Spinosaurinae, 73 
systematics, 97-98 
Spinosauroidea, 72 
age, 78 
systematics, 71, 78, 95-96 
Splenial 
ankylosaurian, 378 
sauropod, 278 
therizinosauroid, 154 
tyrannosaurid, 119 
Squamata, 9 
Squamosal 
ankylosaurian, 374-75 
in Avialae, 217 
ceratopsian, 483 
ceratopsid, 502 
ceratosaurid, 51, 53 
dromaeosaurid, 199 
hadrosaurid, 448-49 
ornithischian, 327 


ornithomimid, 140-41 
ornithopodan, 400 
oviraptorosaurian, 170 
pachycephalosaurian, 469 
prosauropod, 239 
sauropod, 275-76 
tetanuran, 81 
tyrannosaurid, 117 
Stagonolepididae, 10-11, 14, 17-18 
Stance. See also Locomotion 
Chasmosaurus, 511 
Emausaurus, 342 
Lesothosaurus, 334 
Protoceratops, 492 
sauropodan, 319 
Scelidosaurus, 342 
Scelidosaurus harrisonii, 342 
Scutellosaurus, 342 
Triceratops, 511 
Stapes 
ceratopsian, 487 
hadrosaurid, 452 
prosauropod, 243 
sauropod, 279 
stegosaurian, 350 
Stegosauria, 343-62, 344-45 
anatomy, 345-56, 346-52 
behavior, 360-62 
definition, 343-45 
dentition, 349, 349-50, 618 
diagnosis, 343-45 
evolution, 356-60 
herbivory in, 618 
adaptations for, 616 
incertae sedis, 359 
mandible, 345-50, 347 
material, 343 
nomina dubia, 345 
occurrence, 343 
osteoderms, 346, 355-56 
paleoecology, 360-62 
pelvic girdle, 351 
and plants, 617 
provenance, 343 
sacrum, 351 
skeleton, 346 
appendicular, 351-52, 354-55 
axial, 346, 350-51, 351-54 
postcranial, 346, 350-52, 350-56 
skull, 345-50, 346-48 
systematics, 8, 323, 343, 356-60, 357-58 
taphonomy, 360 
taxonomy, 357-58 
Stegosauridae, 344 
systematics, 358 
Stegosaurinae, systematics, 358 
Stegposaiuroia, 359 
Stem-based taxa, 7,8 
Stereoscopy, 622 
Sternal elements 
Camptosaurus dispar, 429 
Euoplocephalus tutus, 384 
hadrosaurid, 454 
Iguanodon atherfieldensis, 429 
oviraptorosaurian, 175 
Sauropelta edwardsorum, 384 
Sternal plate, 650 
Alamosaurus sanjuanensis, 288 
Apatosaurus excelsus, 288 
Brachiosaurus brancai, 288 
Camarasautrus lentus, 288 
Cetiosaurus oxoniensis, 288 
Diplodocus carnegiei, 288 
dromaeosaurid, 203-4 
Haplocanthosaurus delfsi, 288 
Opisthocoelicaudia skarzynskii, 288 


ornithopodan, 405 
Saltasaurus robustus, 288 
sauropod, 288 
Shunosaurus lii, 288 
Tornieria africana, 288 
Sternum 
ankylosaurian, 383, 384 
in Avialae, 218 
iguanodontian, 428, 429 
ornithomimid, 143 
stegosaurian, 354 
tetanuran, 87-88 
tyrannosaurid, 123 
Stishovite, 674 
Stomach contents. See also Gut contents 
taphonomic analyses, 610 
“Strangelove Ocean,” 682 
Subcondylar recess, ornithomimid, 141 
Suchia, 11, 14 
Supraoccipital 
ankylosaurian, 376 
ceratopsian, 486 
ceratopsid, 503 
dromaeosaurid, 201 
iguanodontian, 420 
ornithomimid, 140-41 
oviraptorosaurian, 171 
prosauropod, 241 
sauropod, 277 
tetanuran, 82 
Supraorbitals 
ankylosaurian, 372-73 
ceratopsid, 498 
pachycephalosaurian, 469 
stegosaurian, 346 
Surangular 
ankylosaurian, 378 
hadrosaurid, 451 
iguanodontian, 423-24 
ornithischian, 328 
ornithomimid, 142 
ornithopodan, 401 
prosauropod, 242 
therizinosauroid, 154 
tyrannosaurid, 119 
Synapsida, 9, 9 
Syncervical 
ceratopsian, 487, 490 
ceratopsid, 503 
Synsacrum 
ankylosaurian, 381, 383, 388 
Euoplocephalus tutus, 381 
Struthiosaurus languedocensis, 381 
Systematics. See Taxonomy 


Tachymetabolism, sauropodan, 320 
Tail 
ankylosaurian, 383, 392 
in Avialae, 218 
Caudipteryx, 165 
ceratopsian, 488 
Herrerasaurus, 45 
iguanodontian, 435 
Ingenia, 182 
Nomingia, 165, 182 
Nomingia gobiensis, 172 
oviraptorosaurian, 165 
pachycephalosaurian, 475 
Psittacosaurus mongoliensis, 488 
Psittacosaurus sinensis, 488 
rigid, 622 
sauropodan, 319-20 
Shunosaurus, 320 
spiked, 617 
Staurikosaurus, 45 
stegosaurian, 356, 360 
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Tail (continued) 
Stegosaurus, 361 
thyreophoran, 339 
Tail club, Euoplocephalus tutus, 382 
Tanystropheidae, 10 
Taphonomy, 607-13. See also Bone beds; 
Paleoecology 
Alamosaurus, 612 
Albertosaurus, 611 
Allosaurus, 360, 612-13 
Ammosaurus, 254 
Anchiceratops ornatus, 510 
Anchisaurus, 254 
ankylosaurian, 391 
Apatosaurus, 360 
Blikanasaurus, 254 
“Brachyceratops montanensis,” 510 
Brachylophosaurus, 610 
Camarosaurus, 360 
Camptosaurus, 360 
Cedarpelta, 391 
Centrosaurus apertus, 510 
Chasmosautus belli, 510 
Chasmosaurus mariscalensis, 510 
Coelophysis, 611, 613 
Coloradisaurus, 254 
Corythosaurus, 610 
definition, 607 
Deinonychus, 612 
dinosaur studies, 608-10, 609 


advances in (future directions for), 607-8 


examples, 610-13, 611 
historical perspective on, 607-8 
monotaxic sites 
multiple individuals, 610-12, 611 
single individuals, 610, 611 
multitaxic sites, 611, 612-13 
site-comparison, 611, 613 
site selection for, biases in, 610 
Einiosaurus procurvicornis, 510 
Euskelosaurus, 254 
Gastonia, 391 
Huayangosaurus, 360 
Iguanodon, 612 
Kentrosaurus, 360 
Lufengosaurus, 254 
Lufengosaurus huenei, 254 
Maiasaura, 610-11 
Mapusaurus, 611 
Massospondylus, 254 
Melanorosaurus, 254 
methods for, 608-10, 609 
Minmi, 391 
Mussaurus patagonicus, 254 
Niobrarasaurus, 391 
observation in, 608-10, 609 
Pachyrhinosaurus canadensis, 510 
Pachysaurus giganteus, 254 
Pachysaurus wetzelianus, 254 
parameters, 608-10, 609 
at macrofossil sites, 608-9, 609 
at microfossil assemblages, 609, 609 
Patagosaurus, 611 
Pawpawsaurus, 391 
Pinacosaurus grangeri, 391 
Plateosaurus, 254, 612 
Plateosaurus longiceps, 254 
Riojasaurus, 254 
Riojasaurus incertus, 254 
Saturnalia, 254 
Sellosaurus, 254 
Sellosaurus gracilis, 254 
Stegoceras validum, 475 
Stegosaurus, 360 
Stegosaurus stenops, 360 
Struthiosaurus austriacus, 391 
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Styracosaurus albertensis, 510 
Talarurus, 391 
Tenontosaurus, 612 
Thecodontosaurus, 254 
Thecodontosaurus antiquus, 254 
Triceratops, 510 
Troodon, 611 
Tylocephale gilmorei, 475 
Yunnanosaurus, 254 
Yunnanosaurus huangi, 254 
Tarsals 
in Avialae, 219 
“Brachyceratops montanensis,” 507 
Centrosaurus apertus, 507 
ceratopsian, 489 
ceratopsid, 506 
dromaeosaurid, 206 
Gallimimus bullatus, 145 
iguanodontian, 432 
Ingenia yanshini, 176 
ornithischian, 331-32 
oviraptorosaurian, 178 
stegosaurian, 355 
tetanuran, 92-93 
therizinosauroid, 158 
troodontid, 192 
Tarsus 
ceratopsian, 489 
Guaibasaurus candelariensis, 39 
Herrerasaurus ischigualastensis, 39 
ornithischian, 331-32 
of Saurischia, 39, 39 
therizinosauroid, 158 
Taxa 
definitions, 7,8 
apomorphy-based, 7, 8 
node-based, 7, 8 
stem-based, 7,8 
diagnoses, 7 
Taxonomy 
Agnosphitys cromhallensis, 43-44 
Altirhinus, 433 
Alwalkeria, 43 
Alwalkeria maleriensis, 43 


ankylosaurian, 8, 323, 363, 388, 388-91 


Bactrosaurus, 433 
Brachylophosaurus, 459 
Camptosaurus, 433 
Chungkingosaurus, 357-58 
Corythosaurus, 459 
Dacentrurus, 357-58 
Dryosaurus, 433 
Edmontosaurus, 433, 459 
Eolambia, 433, 459 
Equijubus, 433 
Goyocephale, 474, 474. 
Gryposaurus, 459 
Hesperosaurus, 357-58 
Homalocephale, 474, 476 
Huayangosaurus, 357-58 
Hypacrosaurus, 459 
Hypsilophodon, 433 
Iguanodon, 433, 459 
iguanodontian, 432-35, 433 
Jinzhousaurus, 433 
Kentrosaurus, 357-58 
“Kritosaurus” australis, 459 
Lambeosaurus, 459 
Lesothosaurus, 433 
Lexovisaurus, 357-58 
Lophorhothon, 459 
Lurdusaurus, 433 
Maiasaura, 459 
Muttaburrasaurus, 433 
Naashoibitosaurus, 459 
Nanyangosaurus, 433 


ornithopodan, 8, 323-24, 393, 408-11, 
409, 473, 490 
Ouranosaurus, 433 
Pachycephalosaurus, 474. 
Parasaurolophus, 459 
Plateosaurus, 42 
Probactrosaurus, 433, 459 
Prosaurolophus, 459 
Protohadros, 433, 459 
Saturnalia, 40-41, 43 
Saurolophus, 459 
sauropod, 259 
Scelidosaurus, 41, 43 
Sellosaurus, 42 
Staurikosaurus, 40-44 
Staurikosaurus pricei, 40 
Stegoceras edmontonense, 474 
Stegoceras validum, 474 
Stegosaurus, 357-58 
Syntarsus, 68 
Telmatosaurus, 459 
Tenontosaurus dossi, 433 
Tenontosaurus tilletti, 433 
Thecodontosaurus, 42-43 
Triceratops, 16 
troodontid, 22, 24, 192-94, 194 
Tsintaosaurus, 459 
Tuojiangosaurus, 357-58 
Tyrannosauroidea, 111, 127-33, 128 
Wuerhosaurus, 357-58 
Zalmoxes robustus, 433 
Teeth. See Dentition 
Tendons, ossified 
hadrosaurid, 453-54 
iguanodontian, 425, 436 
ornithischian, 330 
ornithopodan, 405 
stegosaurian, 353-54 
thyreophoran, 339 
Tertiary. See Cretaceous-Tertiary (K/T) 
boundary; Extinctions, Cretaceous- 
Tertiary (K/T) 
Tetanurae, 72, 112 
age, 71-78 
anatomy, 79-83, 79-94, 85-93 
basal, 71-110, 72-78 
biogeography, 109-10 
body form, 71 
carpus, 90 
evolution, 94-109 
femur, 92 
fibula, 92 
forelimb, 89 
gastroliths, 94 
humerus, 88 
integument, 93-94 
mandible, 79, 79-84, 82-83, 98 
nomina dubia, 78 
paleobiology, 109-10 
paleoecology, 109-10 
pelvis, 91 
pes, 93 
radius, 88 
sacrum, 91 
size, 71 
skeleton, 85, 105-7 
appendicular, 87-93, 87-93, 105-7 
axial, 84-87, 85-87, 105-7 
pneumaticity, 93 
postcranial, 84-93 
skull, 79-82, 79-84 
soft tissues, 93-94 
systematics, 94-109 
tibia, 92 
ulna, 88 
vertebrae, 86-87, 91 


carnivory in, 109 
definition, 78-79 
dentition, 79-80, 83-84, 109 
diagnosis, 79 
diet, 109 
display structures, 110 
gastroliths, 94 
gut contents, 109 
incertae sedis, 73-74 
provenance, 71 
soft tissues, 94 
stratigraphy, 71-78 
systematics, 22, 64, 194 
taphonomy, 110 
taxonomy, 71 
unnamed (= Megalosaurus hesperis), 73 
unnamed (= “Szechuanosaurus” zigongensis), 
72 
unnamed (= Zanclodon cambrensis), 74 
vertebrae, 84 
caudal, 84-86 
cervical, 84 
dorsal, 84-85 
sacral, 84 
Tetrapoda, 8-9, 9 
Thalattosaurs, 9 
Thecodontia, 1, 7, 9-10 
Theory of fenestration, 9 
Therizinosauridae, 152, 160-62 
paleoecology, 620 
systematics, 151 
Therizinosauroidea, 1, 22, 151-64, 152 
age, 151, 163 
anatomy, 153-59, 153-59, 163 
ankle, 157 
astragalus, 159 
behavior, 163 
biogeography, 163-64 
braincase, 154 
calcaneum, 159 
cladograms, 160 
definition, 153 
dentary, 155 
dentition, 154-56, 163-64 
diagnosis, 153 
eggs, 159 
evolution, 159-63 
feeding habits, 163-64 
fibula, 159 
humerus, 156 
integument, 158-59 
mandible, 153, 153-56, 155 
manus, 156-57 
material, 151, 160 
metacarpals, 156-57 
metatarsals, 159 
nomenclature for, 151, 160-61 
nomen dubium, 152 
occurrence, 151, 163 
paleoecology, 163-64 
pelvis, 158 
pes, 157, 159 
provenance, 151 
skeleton 
appendicular, 156-58, 156-59 
axial, 156, 158 
postcranial, 156-58, 156-59 
skull, 153, 153-54, 153-56 
stratigraphy, 163-64 
systematics, 151, 159-63, 160 
tibia, 159 
unnamed group, 152 
Thermoregulation, 2, 643-44. See also 
Ectothermy; Endothermy 
bone microstructure and, 654-59 
iguanodontian, 436 


stegosaurian, 360 
Thermoregulation in 
Lexovisaurus, 362 
Monkonosaurus, 362 
Stegosaurus, 362 
Theropoda, 1-2, 21, 72, 112, 138, 152, 166, 
185, 198, 211 
age, 46 
anatomy, 21-22, 650-53, 652 
basal, 24 
cladogram, 23 
dentition, 21, 623-24 
diagnostic characters for, 22 
diet, 21 
eggs, 670 
herbivory in, adaptations for, 616 
herding in, 625 
incertae sedis, 161 
locomotion, 621-22 
morphotypes, and carnivory, 621, 621-23, 
626 
nonavian maniraptoran, flight stroke, 
evolution, 226 
occurrence, 46 
paleoecology, 110, 626 
posture, 21 
predation by, 621-23 
provenance, 21 
size, 21 
skeleton, 21 
skull, 21, 622-23 
stem-based definition, 22 
systematics, 8, 41, 94 
controversies in, 24 
taphonomy, 611 
vertebrae, 651 
Thick-headed dinosaurs. See 
Pachycephalosauria 
Thorax, Sinosauropteryx prima, 652 
Threat. See Agonistic behavior 
Thyreophora, 336, 344, 364 
anatomy, 335-41, 336-38 
armor, 340, 341 
basal, 335-42 
biogeography, 342 
cladistic analysis, 341-42 
cladogram, 342 
dentary, 336 
dentition, 336-38, 338-39 
diagnosis, 342 
diet, 342 
evolution, 341-42 
herbivory in, 342 
hindlimb, 340 
jaw, 337 
locomotion, 342 
mandible, 335-39, 336-37 
maxilla, 336 
nomina dubia, 336 
occurrence, 335 
paleobiology, 342 
paleoecology, 342 
pelvic girdle, 340 
provenance, 335 
size, 335 
skeleton, 340 
appendicular, 339-41, 340 
axial, 339, 340 
postcranial, 339-41, 340 
skull, 335-39, 336-37 
stance, 342 
systematics, 8, 323, 335, 341-42, 342 
?Thyreophora, incertae sedis, 336 
Tibia 
Alectrosaurus olseni, 126 
Allosaurus fragilis, 92 


ankylosaurian, 386, 387 
in Avialae, 219 
Brachiosaurus brancai, 294 
Centrosaurus apertus, 507 
ceratosaur, 62-63 
Ceratosaurus nasicornis, 62 
Chasmosaurus belli, 507 
dromaeosaurid, 205-6 
Elaphrosaurus bambergi, 62 
Euoplocephalus tutus, 386 
Gallimimus bullatus, 145 
hadrosaurid, 456-57 
iguanodontian, 432 
Montanoceratops cerorhynchus, 488 
Neovenator salerii, 92 
ornithischian, 331-32 
ornithopodan, 407-8 
oviraptorosaurian, 178 
pachycephalosaurian, 473 
Pachyrhinosaurus canadensis, 507 
Plateosaurus, 246 
prosauropod, 248-49 
Sauropelta edwardsorum, 386 
sauropod, 292 
Segnosaurus galbinensis, 159 
Spinosaurus aegyptiacus, 98 
stegosaurian, 355 
Stegosaurus, 352 
Styracosaurus albertensis, 507 
Syntarsus kayentakatae, 62 
Syntarsus rhodesiensis, 62 
Tarbosaurus bataar, 126 
tetanuran, 90-92 
therizinosauroid, 157-58 
theropod, and paleoecology, 621-22 
thyreophoran, 341 
Triceratops horridus, 507 
troodontid, 192 
tyrannosaurid, 125, 126-27 
Tibiotarsus. See also Tarsus; Tibia 
Xenotarsosaurus bonapartei, 62 
Tiering, ecological, 618, 620, 626 
Titanosauran 
eggs, 670 
undescribed, dentition, 279 
Titanosauria, 267, 279, 295, 309 
basal, 309 
locomotion, 319 
systematics, 309 
Titanosauriformes, 266, 287 
incertae sedis, 307 
systematics, 307 
unnamed, 266 
Trachea, 651, 652 
functions of, 663 
Tracks and trackways. See also Footprints 
ankylosaurian, 392 
iguanodontian, 436 
paleoecological significance, 625 
sauropodan, 319, 322 
stegosaurian, 343 
Transmutation, 220 
Trees, Mesozoic, 615 
Triassic Period 
geologic time scale for, 2 
Late 
dinosaur distribution in, 518-29, 519-20, 
522-23, 525-27, 529-31 
dinosaur herbivory in, 616-17, 617-18, 
619 
dinosaur radiation in, 17-18 
geologic time scale for, 2 
and origin of dinosaurs, 16-18 
Trochanters. See Femur 
Troodontidae, 2, 184-95, 185-86 
age, 184 
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Troodontidae (continued) 


anatomy, 184-92, 186-87 
biogeography, 194 
braincase, 186-87, 188 
definition, 184 
dentition, 189, 189 
diagnosis, 184 
eggs, 195, 670 
evolution, 192-94 
forelimb, 191 
mandible, 184-89, 186 
material, 184 
metatarsus, 192 
nesting, 195 
nomina dubia, 185-86 
occurrence, 184 
paleobiology, 194-95 
pectoral girdle, 191 
pedal digits, 184, 192, 203, 208-9 
provenance, 184 
reproduction, 195 
skeleton 
appendicular, 191-92, 191-92 
axial, 189-91, 190 
postcranial, 189-92, 190-92 
skull, 184-89, 186-87 
systematics, 22, 24, 192-94, 194 
unnamed Early Cretaceous, 185, 193 
classification (phylogenetic position), 
194 
manus, 191 
metacarpus, 191 
unnamed Mongolian 
metatarsus, 192 
pedal digits, 192 
vertebrae, 189-91, 190 
Trophic relationships. See also Carnivory; 
Herbivory; Predation 
analysis, stable isotopes in, 625-26 


Turtles, 8-9, 18 


Tympanic cavity 
ceratosaurid, 54 
ornithomimid, 142 
Typology, 660-62 
and paleophysiology, 662-63 
Tyrannoraptora, systematics, 22, 106-7 
Tyrannosauridae, 111, 112, 114, 127, 129 
biogeography, 642 
dentition, 111-14, 119, 119-20, 127-28, 135, 
623 
eggs, 670 
femur, 125, 126-27 
gastralia, 122, 122 
haemal arches, 122, 122 
humerus, 123, 123 
juvenile 
cervical vertebrae, 121 
skull, 116 
locomotion, 621-22 
manus, 123, 124 
metatarsus, 125, 126-27 
nomina dubia, 114 
palatal elements, 117 
paleoecology, 614, 621, 621-24 
pelvis, 125 
pes, 126 
radius, 124 
sacrum, 121, 122, 125 
skeleton, 119-27, 120-22, 123-26, 129 
skull, 114-19, 115, 115-18, 129 
systematics, 22, 71 
tibia, 125, 126-27 
ulna, 124 
unnamed, 112, 130 
unnamed (= “Ornithomimus” grandis), 113 
vertebrae, 119-21, 121-22 
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Tyrannosaurinae, 112, 127, 131 
Tyrannosauroidea, 112 
anatomy, 114-27, 115-26 
biogeography, 149 
definition, 114 
dentition, 111-14, 119, 119-20 
diagnosis, 114 
evolution, 127-33, 128 
incertae sedis, 113 
mandible, 114-19, 119-20 
material, 111, 134 
paleobiology, 133-36 
possible, 113 
size, 111 
skeleton, 120 
appendicular, 122-27, 123-26 
axial, 119-22, 120-22 
postcranial, 119-27, 120 
skull, 114-19, 115-18 
systematics, 111, 127-33, 128 


Ulna. See also Forelimb 
ankylosaurian, 384 
in Avialae, 218 
Camarasaurus grandis, 289 
Centrosaurus apertus, 506 
ceratosaur, 59 
Chasmosaurus mariscalensis, 506 
dromaeosaurid, 204 
Gallimimus bullatus, 144 
hadrosaurid, 454 
iguanodontian, 428-29 
Ingenia yanshini, 176 
Leptoceratops gracilis, 488 
ornithomimid, 143 
ornithopodan, 405-6 
oviraptorosaurian, 175 
pachycephalosaurian, 473 
prosauropod, 247 
Sauropelta edwardsorum, 385 
sauropod, 289 
Sinornithoides youngi, 191 
stegosaurian, 354 
Stegosaurus, 352 
tetanuran, 89 
therizinosauroid, 156 
thyreophoran, 340 
Torvosaurus tanneri, 88 
Triceratops horridus, 506 
tyrannosaurid, 124 
Tyrannosaurus rex, 124 

Uncinate processes, 650-51 

Unguals. See also Manus; Pes 
ankylosaurian, 392 
Anserimimus planinychus, 144 
ceratopsian, 489-90 
dromaeosaurid, 206 
iguanodontian, 432 
manual, Stegosaurus, 352 
ornithischian, 331 
ornithomimid, 144 
ornithopodan, 406-7 
prosauropod, 258 
sauropod, 290 
tetanuran, 93 
thyreophoran, 341 
Torvosaurus tanneri, 88 


Vegetation. See Plants 
Velociraptorinae, 206-7 
Ventilation 
in extant amniotes, 650 
hepatic-piston model, 94, 651-53 
lungs and, 648-54 
in extant amniotes, 650 
in nonavian dinosaurs, 650-54 


Mamenchisaurus, 320 
and metabolism, 648-54 
Ventral direction, definition, 3 
Vertebrae 

Achillobator giganticus, caudal, 203 
Alamosaurus sanjuanensis, 286 
Alwalkeria maleriensis, 32 
Amargasaurus, cervical, 317 
ankylosaurian, 378-83, 380, 382 
Ankylosaurus magniventris, 380 
Apatosaurus, cervical, 317, 618 
Apatosaurus excelsus 

caudal cervical, 281 

proximal caudal, 286 
Apatosaurus louisae 

caudal dorsal, 283 

cranial dorsal, 284 
Archaeoceratops, 487-88 
in Avialae, 218 
Barosaurus lentus, cervical, 281 
Baryonyx walkeri, 87 
Brachiosaurus brancai 

caudal cervical, 281 

proximal caudal, 286 
Camarasaurus lentus, caudal cervical, 281 
Camarasaurus supremus 

cranial dorsal, 284 

proximal caudal, 286 
Carnotaurus, 55-57, 56, 58 
Carnotaurus sastrei, 56 
Centrosaurus apertus 

cranial dorsal, 504 

dorsal, 504 

mid-dorsal, 504 
ceratopsid, 503-5 
Ceratosaurus, 55-57, 56, 58 
Ceratosaurus nasicornis, 56 
Cetiosaurus oxoniensis, caudal cervical, 281 
Chasmosaurus cancer, dorsal, 504 
Coelophysis, 55, 57 
Deinonychus antirrhopus, 203, 207 
Dicraeosaurus, cervical, 317 
Dicraeosaurus hansemanni 

caudal cervical, 281 

cranial dorsal, 284 

proximal caudal, 286 
Dilophosaurus, 55, 56, 57 
Dilophosaurus wetherilli, 55, 56 
Diplodocus, cervical, 317, 618 
Diplodocus carnegiei 

caudal cervical, 281 

cranial dorsal, 284 

proximal caudal, 286 
dromaeosaurid, 201-2 
Elaphrosaurus, 55-57 
Elaphrosaurus bambergi, 55, 56 
Euhelopus zdanskyi 

caudal cervical, 281 

cranial dorsal, 284 
Euoplocephalus tutus, 380 

distal caudal, 382 
Gorgosaurus libratus, 122 
Graciliceratops, 488 
Gryposaurus notabilis, dorsal, 454 
Guaibasaurus candelariensis, 32 
hadrosaurid, 452-53 
Haplocanthosaurus priscus 

caudal cervical, 281 

cranial dorsal, 284 

proximal caudal, 286 
Herrerasaurus ischigualastensis, 31 
Heterodontosaurus, 329 
Hypacrosaurus altispinus, dorsal, 454 
Iguanodon atherfieldensis 

cervical, 425 

dorsal, 428 


Iguanodon bernissartensis, dorsal, 428 
iguanodontian, 425-26 
cervical, 425 
dorsal, 428 
Tlokelesia, 58 
Janenschia robusta, cranial dorsal, 284 
Jingshanosaurus, 244 
Leptoceratops, 487-88 
Lesothosaurus, 329-30 
Lessemsaurus, 242 
Liliensternus, 55, 57 
Majungatholus, 55 
Mamenchisaurus hochuanensis, cranial 
dorsal, 284 
Masiakasaurus, 55 
Massospondylus, 242, 244 
Monolophosaurus jiangi, 86 
Montanoceratops, 487-88 
Neovenator salerii, 87 
Omeisaurus tianfuensis, cranial dorsal, 
284 
Opisthocoelicaudia skarzynskii, cranial 
dorsal, 284 
ornithischian, 329-30 
ornithomimid, 142 
Ornithomimus edmontonicus, 143 
ornithopodan, 403-5, 412 
Ouranosaurus nigeriensis, dorsal, 428 
oviraptorosaurian, 173-74 
pachycephalosaurian, 471, 475 
Pachyrhinosaurus canadensis 
dorsal, 504 
syncervical, 504 


Pisanosaurus, 330 
Plateosaurus, 242 
Plateosaurus longiceps, 244 
pneumatized, 651 
prosauropod, 244-47 
Protoceratops, 487-88, 488 
Protoceratops andrewsi, syncervical, 488 
Psittacosaurus mongoliensis, 487 
Psittacosaurus sinensis, 487 
of Saurischia, 30-33, 31-32 
Sauropelta edwardsorum, 380 

distal caudal, 382 
sauropod, 279-87, 317 
Sellosaurus gracilis, 244 
Sinornithoides youngi, 190 
“Sinosaurus,” 244 
Spinosaurus aegyptiacus, 98 
Staurikosaurus pricei, 31 
stegosaurian, 351-53 
Stegosaurus, 350 
Styracosaurus albertensis 

dorsal, 504 

syncervical, 504 
Syntarsus, 55-57 
Syntarsus kayentakatae, 56 
Syntarsus thodesiensis, 55, 56 
Tarbosaurus bataar, 121 
therizinosauroid, 156 
thyreophoran, 339 
Triceratops horridus 

caudal dorsal, 504 

cranial dorsal, 504 

dorsal, 504 


syncervical, 504 
Troodon formosus, 190 
troodontid, 189-91, 190 
tyrannosaurid, 119-21, 121-22 
Vertebrates, turnover, at Cretaceous-Tertiary 
(K/T) boundary 
pattern, 677-79, 678, 678 
tempo, 679 
Vision 
hadrosaurid, 463 
pachycephalosaurian, 475 
stereoscopic, 622 
troodontid, 194 
Vocal function, 463 
Volcanism, at or near Cretaceous-Tertiary 
(K/T) boundary, 673, 673, 
683-84 
Vomers. See also Palate; Skull 
ankylosaurian, 375, 378 
ceratosaurid, 53 
dromaeosaurid, 201 
hadrosaurid, 451 
ornithischian, 328 
oviraptorosaurian, 171 
tetanuran, 82-83 
troodontid, 188 
tyrannosaurid, 118 


Weight. See Size 
Zahnreihen. See also Dentition 


ornithopodan, 402 
Zygapophyses. See Vertebrae 
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